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THE EFFECT OF TEMPERATURE UPON THE MAG- 
NETIC PROPERTIES OF ELECTROLYTIC IRON. 


By EARLE M. TERRY. 
INTRODUCTION. 


LTHOUGH a large amount of study has been devoted to the 
magnetic properties of iron as a function of temperature, in 
most cases the purity of the iron has been considered only in a 
general way, many researches indicating little more concerning its 
chemical composition than might be inferred from its commercial 
name. Since the magnetic properties of iron depend to so great 
an extent upon the presence of certain impurities, notably carbon, 
silicon, and manganese, and in Burgess electrolytic iron we have an 
iron of extraordinary purity, it seemed worth while to repeat and 
extend some of the earlier experiments with a view to determining 
to what extent the observed phenomena are characteristic of iron 
itself, and to correlate them with metallurgical changes. To bring 
to mind the principal facts already discovered, a brief summary of 
the previous work will be given, the experiments being reviewed in 
chronological order. 

That temperature has a marked influence upon the magnetic 
properties of iron has been known from the time of Gilbert (1540- 
1603); who discovered that a needle, when heated red hot, is no 
longer attracted by the lodestone, but regains this property when 
the temperature has fallen. This fact was also noted by Canton 
and studied qualitatively by Saussure. The first, however, to 
attempt quantitative nreasurements was Coulomb (1736-1806), who 
observed the period of vibration of a heated magnetic needle in a 
field of known intensity. 
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At the beginning of the nineteenth century, the increasing refine- 
ment of instruments for studying the earth’s field made it necessary 
to know the influence of temperature upon the deflections of the 
magnetometer needle. The first careful experiments were those of 
Christie who found that the highest temperature to which a magnet 
can be heated without sensible loss of magnetism is about 100° F., 
and that the diminution of magnetic moment is not a linear function 
of the temperature, its rate of change increasing with the temperature. 
He also found that the moment of a magnet, when placed in a 
freezing mixture, is increased, returning to its original value when 
room temperature is restored. The work of Hansteen, Kupffer, 
Lamont, and others, which followed shortly after, also dealt with 


permanent magnets. 

Rowland,' in the years 1873-74, carried out a long series of 
experiments on iron, nickel, and cobalt, experimenting at two dif- 
ferent temperatures, 5° C. and 230° C., in the latter part of his 
work. It is a curious fact that he missed what would have been 
a most interesting point, for the magnetic properties of nickel begin 
to change very rapidly just above the highest temperature he used. 


He was able to determine, however, that the susceptibility of iron 
and nickel for small fields is greater at high temperatures than low, 
while for large fields, just the reverse is true. The fields employed 
were comparatively small, and insufficient, in the case of cobalt, to 
reverse the sign of the variation of susceptibility with temperature, 
which he found to be always positive. 

The first attempt to investigate the magnetic properties of iron 
throughout the ferro-magnetic range of temperature was in 1880, 
by Baur,’ of Zurich. Placing a bar of iron, while at a white heat, 
within a double solenoid, one coii serving to produce a magnetic 
field, the other measuring the changes in the induced magnetism, 
he studied the iron as it cooled. Besides confirming the results of 
Rowland, he found, for small fields, that the rate of increase of per- 
meability is greater for high temperatures than low, while as a crit- 
ical temperature is approached, the permeability decreases very 
rapidly for all fields, becoming practically unity. 

During the next ten years, the matter was taken up by Perkins,* 

1 Phil. Mag., vol. 48, p. 321, 1874. 


2 Wied. Ann., vol. 11, p. 394, 1880. 
$Sill. Journ., vol. 30, p. 218, 1885. 
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J. Trowbridge,' Berson,’? Tomlinson,* and Hopkinson ;* by far the 
most important work being done by the latter. Hopkinson used 
the ring method of Rowland, insulating the windings from each 
other by asbestos, and estimating temperatures by means of a 
platinum thermometer. He determined a very complete tempera- 
ture series of magnetization curves for wrought iron, mild steel, 
hard steel, nickel, and cobalt. In the case of wrought iron he 
found that for small fields, ¢. g., .3 dyne, the temperature at which 
the rapid rise of permeability begins is about 600° C., that it reaches 
a maximum at 775° C.,and falls abruptly to unity at 785° C., while 
for large fields, the permeability remained practically constant to 
600 C., then fell rapidly to unity. Mild steel showed essentially 
the same characteristics, except that the permeability had a smaller 
maximum, becoming unity at 735° C., while for hard steel, the 
decrease in the maximum was still more pronounced, magnetism 
disappearing at 690° C. Returning from higher temperatures, for 
wrought iron, magnetism reappeared at practically the same tem- 
perature at which it disappeared, but the steels showed a marked 
temperature lag which increased with the carbon content. 

Between the years 1890 and 1900a great deal of work was done, 
and it will be possible here to briefly point out only the additions 
which were made to the results obtained by Hopkinson. We find 
a long list of names the most important of which are the following : 
Du Bois,’ Wilde,® Richer,” Le Chatelier,® Curie,? Fleming and 
Dewar,” Morris," Fromme," Guilliaume,'* Dumont,'* Dumas,” Os- 


1 Proc. Am. Acad., p. 462, 1885. 

2 Ann. de Chim, et Phys., vol. 8, p. 433, 1886. 
5 Phil. Mag., vol. 25, p. 372, 1888. 

* Proc. Roy. Soc., vol. 45, p. 318, 1889. 
5 Phil. Mag., vol. 29, p. 293, 1890. 

® Proc. Roy. Soc., vol. 50, p. 109, 1891. 
7Lum. Elect., vol. 46, p. 37, 1892. 

® Compt. Rend., vol. 119, p. 272, 1894. 
® Journ. de Phsy., vol. 5, p. 289, 1895. 
Proc. Roy. Soc., vol. 60, p. 83, 1896. 
1 Phil. Mag., vol. 44, p. 213, 1897. 

12 Wied. Ann., vol. 61, p. 55, 1897. 
Journ. de Phys., vol. 7, p. 262, 1898. 
'*Compt. Rend., vol. 126, p. 741, 1898. 
Compt. Rend., vol, 129, p. 42, 1899. 
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mond,' and Wills. The physical transformations which take place 
in iron were worked out with great detail during this decade by the 
metallurgists Osmond, Howe, Roberts-Austin, Roozeboom and 
others, a brief review of whose work will be given later. 

Of those mentioned above, Curie did perhaps the most important 
work. He studied not only iron, nickel and cobalt, but para- and 
diamagnetic substances, covering fields from go to 1,350, and tem- 
peratures from 15° C. to 1400° C. He found the magnetic trans- 
formation point for iron to be 760° C., somewhat lower than Hop- 
kinson’s value, and showed that the susceptibility does not become 
zero at this temperature, as previously supposed, but remains posi- 
tive, and though small, decreases rapidly up to g50° C., then slowly 
to 1280° C., when an abrupt increase indicated another transforma- 
tion point. The transformation near 750° C., was found to be not 
an abrupt, but a gradual change, depending upon the field, the curves 
showing the variation of susceptibility with temperature being similar 
in shape to Amagat’s curves for the density of carbon dioxide near 
the critical point. 

With the advent of liquid air, Fleming and Dewar, in 1896, stud- 
ied the changes which are produced in the magnetic qualities of 
Swedish iron at low temperatures. In annealed specimens, they 
found the permeability for all fields less at low temperatures, while 
for unannealed and hardened iron, it increased as the temperature 
was lowered, the effect being greater with hardened iron. The 
hysteresis loss was independent of the temperature. More recently, 
Honda and Shimizu * found for Swedish iron cooled in liquid air 
that the permeability and hysteresis loss decreased for small fields, 
but increased for large. These results have been confirmed by 
Waggoner * for low carbon iron. 

During the following year, Morris repeated Hopkinson’s experi- 
ments, improving upon certain details, and found that for Swedish 
iron, after careful annealing, the permeability-temperature curves 
show a distinct minimum near 550° C. which was not found for 


1 Compt. Rend., vol. 128, p. 1513, 1899. 

? Phil. Mag., vol. 50, p. I, 1900. 

3 Phil. Mag., vol. 10, p. 548, 1905. 

*Puys. ReEv., Vol. XXVIIL., p. 393, 1909. 
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charcoal iron. His principal contribution was the determination of 
the hysteresis loss as a function of temperature. Kunz,' three years 
earlier, had suggested a linear relationship, but Morris’ results show 
distinct departures from a straight line, there being a well marked 
depression at 425° C. 

In 1900, Wills studied the effect of temperature on the field 
which gives the maximum permeability, called by Ewing the point 
of separation between the second and third stages of magnetization. 
Working with wrought iron and alloys of aluminum, nickel, and 
manganese, he found that the maximum permeability occurs at 
lower fields as the temperature is raised, the relation being nearly 
linear. With alloys, as the relative amount of iron is decreased, 
the difference of temperature between the disappearance and reap- 
pearance of magnetism is increased. This point has been carefully 
studied for nickel steels by Osmond, Guilliaume, Dumont, and 
others who have given the complete curves for all percentages of 
alloy. 

ELECTROLYTIC IRON. 


After the work of Wills in 1g00, the question of the effects of 


temperature on the magnetic properties of iron seems to have been 
regarded as settled, attention having been turned for the most part 
toward alloys. However, the recent perfection, by Prof. C. F. 
Burgess,’ of the University of Wisconsin, of an electrolytic process 
for the production of very pure iron in large quantities has afforded 
an opportunity to study further the magnetic properties of this 


element. 

Owing to the difficulties of production, electrolytic iron has 
hitherto been very little studied magnetically, the work thus far 
having been confined to room temperatures. It is the purpose of 
this investigation to determine the magnetic constants of this pure 
iron at various temperatures, ranging from that of liquid air to the 
temperature of magnetic transformation, with a view to determining, 
as far as possible, to what extent the phenomena already observed 
are characteristic of iron itself, and to point out the effects of im- 
purities. . 

'Electrotech. Zeitsch., 1894, p. 196. 
2 Iron and Steel Mag., vol. 8, p. 48, 1904. 
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Beetz' and Holz? speak of “galvanic’’ iron as being very hard 
and having a large coercive force, while Kramer® says that iron de- 
posited from a solution of ferrous chloride is so soft that it can be 
cut with a knife. Leick* has studied iron deposited from three dif- 
ferent solutions: iron sulphate, iron chloride, and iron ammonium 
sulphate. He concludes that the magnetic properties are practically 
independent of the salt from which the iron is deposited, that the coer- 
cive force is large and the susceptibility small. He gave, however, 
avery large value for the maximum induction. Schild® has recently 
made a careful study of the magnetic properties of electrolytic iron 
at room temperature, and obtained values for susceptibility con- 
sistently lower than those of Leick. He criticizes the latter’s work 
rather severely, and attributes the discrepancy to the small amount 
of material used (‘004 gr. to .06 gr.). The largest specimen tested 
by Schild, however, weighed only 3.8 gr. 

A detailed account of the production of Burgess electrolytic iron 
would be beyond the limits of this paper. Those interested in the 
process are referred to Professor Burgess’ original articles. Suffice it 
here to say that the iron used was twice deposited from an electro- 
lyte consisting of ferrous and ammonium sulphates, the current den- 
sity being about six amperes per square foot, and requiring about 
four weeks to produce a plate one inch thick. Plates have been 
made weighing seventy-five pounds. Chemical analyses have shown 
that this iron is very pure. In fact the impurities are so slight that 
special methods have had to be devised to determine them. The 
average of several analyses is given below and may be taken as a 
fair indication of the purity. 

Sulphur, Silicon. Phosphorus. Manganese. Carbon. Hydrogen. 
“001 per cent. .003 percent. .004 percent. None .012 percent. .072 per cent. 

It will be noted that the amount of hydrogen present greatly ex- 
ceeds that of all the other impurities combined, and it is to the 
presence of this element that the characteristic properties of electro- 
lytic iron are usually ascribed. 


1 Phil. Mag., vol. 20, p. 458, 1860. 

2 Pogg. Ann., vol. 151, p. 69, 1874. 
$Dingl. Polyt. Journ., p. 111, 1861. 

* Wied. Ann., vol. 58, p. 691, 1896. 

5 Ann. der Phys., vol. 25, p. 594. 1908. 
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Burgess and Taylor’ made a preliminary study of single refined 
iron about two years ago, and found that it is both magnetically 
and mechanically very hard. During the past year Burgess and 
Aston have been making an extensive study of the magnetic proper- 
ties of alloys of this iron, but their results have not been published. 


METHOD OF TESTING. 


Of the various methods that have been used for magnetic testing, 
the Rowland ring seemed best suited for the present work. Since 
it gives a continuous magnetic circuit without a joint of any kind, 


no correction for demagnetizing effect is necessary, and with a fairly 
uniform winding of the magnetizing coil, it may be safely assumed 
that the flux crossing each section of the ring is the same, and that 
the leakage is negligible. If a D’Arsonval galvanometer is used, 
this method is independent of the earth’s field or any other extra- 
neous effects. It is, however, subject to three sources of error: 

I. The field is not uniform across the specimen, and further, the 
mean field is not the field at the center of the section calculated 
from the ampere turns. 

II. Since permeability is a function of field strength, the mean 
flux density, calculated from the deflections of the galvanometer, is 
not the flux density at the center of the section. 

III. As pointed out by Ewing’ and Lord Rayleigh,’ for small 
fields and fields for which the differential permeability d3/dH is 
large, iron changes its magnetic state slowly, sometimes requiring 
several seconds or even minutes. Since the ballistic method re- 
quires that the total change shall take place before the galvanom- 
eter swings appreciably from its zero position, a serious error is 
introduced in testing iron possessing magnetic viscosity. 

The first two errors may be reduced to negligible magnitudes 
by choosing the width of the ring small in comparison to its diam- 
eter. Lloyd‘ has shown, for a ring with rectangular cross-section, 
that 


m1 1+) 
H, =" 2» ti, 


' Proc, Am. Inst. of Elect. Engrs., May, 1906. 
2 Mag. Ind. in Iron and Other Metal, p. 122. 
$ Proc. Roy. Soc., June 20, 1889. 

* Bull. Bur. Stds., vol. 5, p. 435- 
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where 
#1, 
H,, = field at mean radius of ring. 

p = ratio of radial width to mean diameter of ring. 
The value of “‘” for the rings which I have used in this work 


was approximately .084. Substituting this value in the above 


= average value of field. 


formula we find 


7,7 1.0024. 


The calculation of the error mentioned under II. is very complex 
and has never been handled mathematically. Richter’ has shown, 
however, assuming that the permeability is constant across the ring, 
and that the hysteresis loss varies as the mth power of the flux 
density, that 


W, i is « 2—m 
Ww (2p) (log * =a) (1+p"—(—py 


where 

W,, = hysteresis loss for uniform flux density, 

W = hysteresis loss for actual flux density. 

Taking m = 2 for unannealed specimens and m = 1.6 for annealed, 
we find 1.0024 and 1.0021 respectively for W,/ W. 

The effects of magnetic viscosity are nearly eliminated by a 
method suggested by Taylor.* The essential feature of this modi- 
fication is that all observations are referred to one of the retentivity 
points of the curve. For instance, to locate the point representing 
positive saturation, subject the specimen to maximum field; then 
close the secondary circuit through the galvanometer, and break 
the primary. The deflection of the galvanometer measures the 
difference of induction between the saturation and _ retentivity 
points. Points on the curve between these two are obtained in a 
similar manner, the iron having been first carried to saturation and 
the induction reduced to the desired value without breaking the 
magnetizing current. For points between retentivity and negative 
saturation, the iron is first taken to positive saturation as before, 


1 Electrotech. Zeitsch., vol. 24, p. 710, 1903. 
?Puys. Rev,, Vol. XXIII., p. 95, 1906. 
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and at once returned to retentivity by breaking the primary current. 
The secondary is then closed and the deflection taken when the 
proper magnetizing current has been applied in the opposite direc- 
tion. The calculation of the induction in terms of the field, as is 
ordinarily given, is then merely a matter of changing the origin by 
the amount of the retentivity, for computing which the necessary 
data are at hand. The advantages of this method are as follows : 
I, Observations on any one point may be repeated as many 


times as desired. 
II. The magnetizing current need be applied for only a few 


seconds, thus reducing its heating effect. 

III. The errors due to magnetic viscosity, while not entirely 
eliminated, cease to be cumulative as in Rowland’s original method, 
and are reduced to negligible quantities. 


EXPERIMENTAL DETAILS. 


The work may be divided into three parts : 

I. To test the iron magnetically at different temperatures. 

II. To find the best temperature for annealing. 

III. To investigate the relation between crystal- 
line structure and magnetic properties. 

The procedure in the first part was to run hy- 
steresis and magnetization curves at various inter- 
vals from the temperature of liquid air up to that at 
which iron ceases to be ferro-magnetic. For the 
lowest temperatures, the rings, after being wound, 
were dipped for an instant in melted paraffine, then 
plunged into liquid air, and tested when the tem- 
perature had become uniform. To obtain tem- 





peratures intermediate between those of liquid air 

and the room, the following method, which is due 

to Knipp,’ was used. A hollow copper sphere, 

with walls about .8 cm. in thickness, was mounted Fig. 1. 
inside a cylindrical Dewar flask as shown in Fig. 1. 

To the lower side of the sphere was attached a copper spindle 
which dipped into liquid air. The Dewar flask was placed upon a 


1 Puys. Rev., Vol. XV., p. 125. 
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platform which could be raised or lowered with a slow motion, 
while the sphere remained fixed. By properly adjusting the depth 
of the spindle in the liquid air, any desired temperature could be 
very constantly maintained. While there was an appreciable tem- 
perature gradient from top to bottom of the enclosure, the fall of 
temperature across the ring, which was placed horizontally, never 
exceeded two degrees. 

For the production of high temperatures, an electric furnace of 
the Herzeus type was used. This consisted of a porcelain tube 35 
cm. long, § cm. internal diameter, wound with platinum foil 2.5 
cm. in width. Outside of this, leaving an air space of .7 cm. was 
another tube surrounded by magnesia packing, the whole being 
mounted in upright asbestos boards fastened toa slate base. <A cur- 
rent of 15 amperes gave a temperature of 1200° C. 

For the measurement of temperature, two thermo-elements whose 
E.M.F.’s were determined by means of a specially constructed low 
resistance potentiometer, and an optical pyrometer were used. One 
of the couples, a copper-constantin junction, used for temperatures 
below that of the room, was standardized at the temperature of 
freshly prepared liquid air, — 188° C., the melting point of ice, and 
the boiling point of water. Its indications are believed to be correct 
to .5°C. The other thermo-element was a platinum-platiniridium 
junction and was used from room temperature up to 1000° C. 
In its standardization the following temperatures were used: melt- 
ing point of sulphur, 444.6° C.; melting point of antimony, 631° C.; 
and melting point of silver, 962° C. It is believed to be correct to 
1° C, for the lower range, and to 2° C. for the upper. The optical 
pyrometer was used above 1000°C. It was checked against a 
standard couple and its indications may be relied upon to 5° C. 

Making the rings proved to be a matter of some difficulty, since 
freshly deposited iron is so hard and brittle that it cannot be cut 
with a tool. The rings had to be cut from the deposited plate by 
means of a rotating tube fed with emery dust, after which they were 
mounted in a lathe and ground into shape, the process requiring 
from two to three days for each ring. The dimensions of the rings 
were, roughly, as follows: external diameter, 3.5 cm., internal 
diameter, 3 cm.; height, .4 cm. 











No. 2.] MAGNETIC PROPERTIES OF RON. 143 


One of the chief difficulties encountered was the problem of in- 
sulation between primary and secondary windings, since most sub- 
stances which are good insulators at ordinary temperatures begin 
to conduct when heated, and a very slight leak is sufficient to give 
the galvanometer an uncertain drift, rendering accurate work im- 
possible. The method finally adopted was to use rings cut from 
thin magnesia plates prepared by roasting the oxide between two 
plates of graphite in an electric furnace at a temperature of about 
1700° C. In order to insure insulation between turns, a paste, 
made of fine magnesia powder and alcohol, was worked into the 
spaces, which, when dry, could be kept solid by careful handling. 

Another problem was the protection of the rings against oxida- 
tion. Since the magnetic properties of iron oxide are very different 
from those of metallic iron, and the cross-section of the specimen 
was always small, even a thin film would result in serious error. 
The first attempt to overcome this 
was to fill the furnace with an 
inert gas; but it was difficult to 
close the ends sufficiently tight, 
and even then the water of crystal- 
lization of the mica, upon which 
the primary was wound, given up 
on heating, produced considerable 
oxidation. This difficulty was 
finally met by plating the rings TO 
electrolytically with copper. It wt 
was found that with a plate .7 
mm. in thickness, a ring could be 
heated several times in perfect safety. 

The electrical connections are shown in Fig. 2. 

A = ring under test. 

RR = control rheostat for primary circuit. 

SS = standard solenoid for calibrating galvanometer. 

NS = magnet for galvanometer control. 

B' = battery for compensating thermals in galvanometer circuit. 

The primary consisted usually of fifty turns of No. 18 copper wire, 
while the secondary was a three strand cable of No. 40 platinum 








— 
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Fig. 2. 


Electrica connections. 
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wire, from twelve to fifteen turns being used, depending upon the 
cross-section of the ring. The galvanometer was of the D’Arsonval 
type, having a period of fifteen seconds, a resistance of seven ohms, 
and when closed through the secondary circuit, was nearly aperiodic. 
With a scale distance of two meters, its calibration curve, for deflec- 
tions up to 20 cm., departed from a straight line by less than .5 per 
cent. The resistance of the magnesium oxide being very high at 
800° C., the low resistance of the secondary circuit rendered errors 
due to leakage between turns extremely small. 


RESULTs. 

Ten rings in all have been studied, being cut from two different 
plates which I shall call A and B. The iron in these two plates 
was quite different, A having a finer crystalline structure and being 
much harder than 2, both mechanically and magnetically. Rings 
cut from the same plate were quite similar, the slight discrepancies 
being doubtless due to the difference in depth in the plate from 
which they were taken. Since the deposition of a single plate is a 
matter of several weeks, the unavoidable changes in acidity of bath 
and strength of current would necessarily result in non-uniformity 
of deposit. The results obtained are summed up in the following 
tables and curves. 





TABLE I.. 
Plate A—Unannealed. Permeability asa Function of the Temperature for Different 
Fields. 

2S Se Pe eine Field Strength. , fa 
tone. }-———__—— - —— - 
5 I a 3 4 5 10 20 30 40 100 

25 160 170 200 240 295 400 638 540 440 360 174 
97 | 200 200 250 280 338 430 680 560 443 362 173 


205 | 260 250! 275 326 390 510 740 580 450 358 172 
295 340 350 380, 433; 500 640) 790 590 448 358 172 
400 370 380 424 500; 638 820 896 592 445 358 177 
505 | 440| 470, 570| 756 (1,150 1,340 1,020 650 | 470 375 170 
595 700; 780 1,050 1,800 | 1,820 1,670 1,090 640 465 362 155 
655 | 900| 1,180 | 2,500 2,430 2,130 1,860 1,120 635 441 338 146 
700 2,400 | 4,200 3,500 | 2,690 2,200 1,890 1,080 580 398 302 121 
750 5,600 4,400 2,870 | 2,130 | 1,700 1,420, 760 390 | 262 197 95 
765 7,200 | 4,700 | 2,670 | 1,900 1,480 1,220| 650 336 226 170 70 
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> TABLE II. 


Plate A—Unannealed. Variation of Hysteresis Constants with Temperature. 








Temperature. a na ies Bon. | Retentivity. te 

25 41,400 18,200 9,560 7.53 

97 37,200 18,100 9,300 7.30 

205 32,700 18,100 8,700 6.50 

295 27,700 18,050 8,050 5.55 

400 20,600 17,800 7,800 5.00 

505 14,800 17,600 7,050 3.20 

595 8,800 15,700 7,030 2.04 

655 5,180 13,900 6,040 1.42 

700 3,590 12,300 4,600 1.01 

750 1,980 9,000 2,700 ao 

(765 = | tap | oa | .22 

Taste III. 
Plate A—Annealed at 800°C. Permeability asa Function of Temperature at Different 
Fields. 
Field Strength. 
Temp. _ 

2 5 I 1.5 2 3 10 60 
—190 60 90 100 140 190 430 1,130 286 
—121 65 120 250 250 700 1,000 1,200 284 
— 60 70 190 400 400 1,100 1,800 1,300 283 
23 80 260 500 870 1,900 2,600 1,400 281 
102 100 400 800 2,200 | 3,150 3,130 1,420 280 
203 160 600 1,200 4,000 | 4,350 3,630 1,430 275 
308 200 800 1,900 5,400 4,850 3,760 1,440 270 
403 260 1,200 5,500 5,740 | 4,900 3,780 1,360 270 
498 425 2,600 | 7,000 6,140 5,160 3,830 1,320 266 
547 900 | 4,000 7,000 6,000 5,050 3,710 1,290 265 


596 | 1,200 4,400 6,800 5,300 4,950 3,610 1,290 255 
642 1,800 | 5,600 6,600 5,740 4,800 3,500 1,240 242 
688 2,600 | 6,400 6,300 | 5,540 5,500 3,230 1,170 220 
724 | 3,200 8,400 | 6,100 4,800 4,050 2,950 1,040 186 
752 5,000 9,200 6,100 | 4,600 3,650 2,600 880 153 
781 | 2,400 | 4,200 | 2,800 2,140 | 1,700 1,260 _—_430 78 


In addition to those already given, permeability-field strength 
curves at different temperatures were plotted for each sample, but 
these have not been reproduced. The field which gives maximum 
permeability was determined from them, and its variation with tem- 
perature is given in Table VII. and plotted in Fig. 12. 
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TaBLe IV. 


Plate A—Annealed at 800° C. Variation of Hysteresis Constants with Temperature. 








2 ’ 
Temperature. | Ergs per | Maximum Induc- Retentivity. | Coercive Force. 
Cycle. tion = go. | 


— 190 26,900 17,600 11,300 4.00 
— 120 24,150 17,600 12,300 3.55 
- oO | 21,200 17,500 13,200 2.97 
23 17,490 17,400 13,600 2.31 
102 14,320 16,900 13,440 1.93 
203 9,670 16,150 12,920 1.48 
308 7,630 15,960 12,400 1.39 
402 6,999 15,900 11,400 1.32 
5,080 15,840 9,930 .87 
4,260 15,640 9,340 86 
596 3,420 14,880 8,290 -83 
640 3,040 14,390 7,860 75 
685 2,640 13,050 6,800 .60 
1,610 11,090 5,280 44 

1,020 8,760 3,470 

768 564 5,140 1,030 





TABLE V. 


Plate B—Unannealed. Permeability as a Function of Temperature for Different 
Fields. 


i 
L 
fi 
| 
| 
j 
| 
| 


Field Strength. 


I 2 | 4 7 10 





300 350 550 760 750 

350 425 675 840 823 

— 61 | 400 520 850 960 885 
23 520 | 740 1,125 | 1,130 980 
97 | | | 850 1,340 1,185 984 
195 | | 750 | 1,025 | 1,410 | 1,200 984 
297 600 | | 1,075 1,440 ‘1,200 995 
392 | 800 | | 1,150 | 1,460 | 1,200 | 1,000 | 
496 | 800 1,350 1,500 1,230 1,015 
550 | 1,050 1,100 1,650 1,700 | 1,310 | 1,050 | 
605 | 1,200 1,300 2,200 1,770 | 1,340 | 1,070 
655 | 1,500 2,000 | 3,325 | 2,450 | 1,610 | 1,280 
704 | 2,500 3,600 3,750 2,370 | 1,550 | 1,150 | 
740 | 8,500 | 7,200 | 3,750 2,170 1,340 955 
762 | 10,000| 7,600 | 3,150 1,740 1,020 | 716 
775 | 10,500 | 2,400 1,340 | 810) 560 | 
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To study the effect of annealing at temperatures higher than. 
800° C., the following method was used. A cylindrical box with 
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MAGNETIZING Force i'n Orvnes 


Fig. 3. Magnetization curves at various temperatures — Plate A — unannealed. 


a tight fitting cover was turned from a bar of Swedish iron in which 
the ring to be tested was packed in finely powdered electrolytic 
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Fig. 4. Variation of permeability with temperature — Plate A — unannealed. 


iron. The ring could then be heated to any desired temperature 
with practically no oxidation, and at the same time be free from 
contamination with carbon. When the desired temperature was. 
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Plate B—Unannealed. Variation of Hysteresis Constants with Temperature. 
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24,800 17,700 7,000 
—120 24,000 17,750 7,350 4.58 
— 61 22,900 17,750 7,750 4.43 
23 21,300 17,800 7,940 3.84 
97 18,760 17,700 8,040 3.23 
195 16,000 17,600 7,600 2.93 
, 297 15,230 17,600 7,100 2.62 
392 13,400 17,600 6,430 2.50 
496 8,730 17,200 5,850 1.99 
550 6,820 17,000 5,700 1.60 
605 5,660 15,600 5,400 1.29 
655 3,190 14,300 5,100 .90 
704 1,890 12,200 4,870 .53 
740 890 10,200 4,000 .29 
762 413 7,200 2,580 15 
16000 Mais — 
z 
° 
> a 0 
rs ee Kk ~~ | % 
4000 PN. \ 27008 
ome ae ae 10000 
nt \ 
t) 100 200 300 400 S00 600 700 800 800 1000 
TEMPERATURE 


Fig. 5. Variation of hysteresis constants with temperature — Plate A — unannealed. 
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reached, the heating current was gradually reduced, care being 
taken that the rate of cooling should be, as nearly as possible, the 
same in each case. The time of cooling was about twenty-four 
hours. After each heating, the ring was unpacked, rewound, and 
tested. The results are shown in Table VIII. For the sake of 
comparison, I have added in the last line of this table some results 
obtained on a sample of Swedish iron annealed at 1150° C. Experi- 


TABLE VII. 


fariation of the Field Strength for Maximum Permeability with Temperature. 











Plate A. Plate B. 
Unannealed. Annealed at 800° C. Unannealed. 
Temp. Field. Temp. Field. Temp. Field. 

25 12.2 —190 6.9 —190 10.1 
97 11.3 —121 5.4 —121 7.7 
205 10.3 — 60 4.2 —iOL 6.8 
295 9.3 23 2.9 23 5.9 
400 6.2 102 2.4 97 4.8 
505 5.0 203 1.8 195 4.7 
595 2.9 308 1.45 297 4.1 
655 2.2 403 1.25 392 3.7 
700 1.5 498 1.00 496 3.3 
750 6 547 -90 550 2.6 
765 .33 596 -85 605 2.4 
642 .80 655 1.5 

688 .75 704 1.2 


724 44 740 3 
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Fig. 6. Magnetization curves at various temperatures — Plate A — annealed at 800° C. 
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ments were performed on rings from plate & only, since it had pre- 
viously been determined, that after annealing at 1000° C., all of the 
iron prepared by this process becomes practically identical. The 
field in these tests was carried to 80 dynes. 
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Fig. 7. Variation of permeability with temperature — Plate A—annealed at 800° C 
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Fig. 8. Variation of hysteresis constants with temperature — Plate A — annealed 
4 at 800° C. 
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TasiLe VIII. 


Maximum | 
Force. | Induction. | Permeability. 


1,040 


23° C, 21,300 7,940 3.80 17,100 
780 11,280 8,450 1.30 17,300 3,070 
1000 5,060 14,100 75 17,280 9,080 
1100 4,900 12,800 53 17,600 | 11,000 
1200 5,600 13,000 85 17,400 | 8,750 
1300 7,160 13,800 j 17,400 | 7,120 


1150° C, , 17,160 
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Fig. 9. Magnetization curves at various temperatures — Plate B — unannealed. 
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Fig. 10. Variation of permeability with temperature — Plate B — unannealed. 
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In connection with these last experiments, an attempt was made 
to study the relation between crystalline structure and magnetic 
properties. After each test, the ring was unwound and polished 
on one face. This surface was then etched with picric acid and 
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Fig. 11. Variation of hysteresis constants with temperature — Plate B — unannealed. 
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Fig. 12. Field strength for maximum permeability. 
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photographed microscopically, the magnification in each case being 
60 diameters. The changes which were produced by the different 
heat treatments in the size of the crystals are shown in Fig. 13. 


Discussion OF RESULTs. 

Before entering upon a discussion of these results, it will be well 
to make a brief digression on the temperature changes in the 
physical state of iron, upon which its magnetic properties so largely 
depend. According to Osmond, iron presents itself in three allo- 
tropic phases: Alpha, Beta and Gamma. Alpha-iron is weak, 
ductile, ferromagnetic, stable below 785° C., and is characteristic 
of wrought iron and low carbon steels. It crystallizes in cubes. 
Beta-iron is weakly paramagnetic, stable between 785° C. and 
890° C., and is probably hard and brittle. It is characteristic of 
certain self-hardening steels, also of normal carbon steel when hard- 
ened by sudden cooling, and like Alpha-iron, crystallizes in the cubic 
system. Gamma-iron is stable above 890° C., is paramagnetic, and 
characteristic of nickel and manganese steels. It is probably hard, 
but ductile, while its crystals are cubic with octahedral modification. 

The relations between these 
phases are best shown by means 
of the Roozeboom' diagram of 
Fig. 14, where the lines separat- 
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parent, perhaps the field AaB Fig. 14. 

requires special explanation, since 

it represents a mixture of the solid and liquid phases. The line Aa 
gives the greatest amount of carbon a solid solution may contain, 
while AB shows the least amount for a liquid ; and any point, such 
as K, representing a given carbon content at a particular temperature, 
divides.a horizontal-line drawn through it into parts proportional to 


! Metallographist, Vol. I1I., p. 293, 1900. 
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the relative amounts of the liquid and solid phases. As a molten 
mass of iron, containing one per cent. of carbon, for instance, is 
cooled, the point / represents the composition of the first crystals 
that are formed. As the temperature falls, the remaining liquid, 
being enriched in carbon, follows along the line AS until the tem- 
perature ry has been reached, when the whole mass is solidified, the 
process having covered the temperature interval gr. The point B 
is called the extectic point, and represents the combination which 
gives an abrupt solidification to a mixture of pure iron and graphite 
crystals. 

The line SED represents the formation of a definite compound 
Fe,C, called cementite, while FZ gives the transformation known as 
“‘recalescence”’ which consists of two simultaneous changes, the 
separation of the alloy of iron and carbon into alternate layers of 
ferrite, or pure iron, and cementite, and the transformation of the 
ferrite to alpha-iron. The magnitude of the recalescence increases 
with the carbon content. The line J/OSE is of special interest in 
this paper since it corresponds to the disappearance of ferro-mag- 
netism. 

Roberts-Austin ' has studied the transformation points of electro- 
lytic iron deposited from a solution of ferrous chloride by heating 
the specimen and determining its cooling curve. Besides the normal 
transformation points at 895° C. and 785° C., he found three others, 
namely, at 1130° C., 475° C., and 270° C. The first of these had 
already been noted by Ball, and is of no particular interest in con- 
nection with this paper. The second and third points he attributed 
to occluded hydrogen, and suggested that the one at 475° C. may 
be due to the separation of a hydride of iron from the solid solu- 
tion, while the one at 270° C. is the corresponding eutectic point. 
He has further shown that by repeated heating in a vacuum, pump- 
ing out the liberated hydrogen, these points vanish. By making 
the iron the cathode of an electrolytic cell, it may again be partially 
saturated with hydrogen, when the point at 475° C. will reappear. 
These points are of special interest, for as will be pointed out later, 
certain changes in the magnetic properties have been found to occur 
near these temperatures. It is an interesting fact that the recales- 

1 Metallographist, Vol. II., p. 187, 1899. 
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cence point, which is due to the presence of carbon, was found to be 
absent. Its absence in Burgess iron also has been shown in this 


laboratory. 

Returning now to a consideration of the results which I have 
obtained, one of the first conclusions is that freshly deposited elec- 
trolytic iron is very hard magnetically, which agrees with the work 


of previous investigators. It is to be noted, however, that the mag- 
netic properties of different samples are not at all uniform, as a glance 
at any of the corresponding curves for rings from plates A and B 
will show. In all respects, mechanically as well as magnetically, 
B is much softer than A, although they were prepared, as far as I 
am aware, under exactly similar conditions. This is not in agree- 
ment with the results of Leick, who found a marked uniformity in 
all samples, whether deposited from a chloride, sulphate, or am- 
monium sulphate solution. My results show, however, that these 
differences exist for small fields only, vanishing for fields of 100 
dynes. I have found that after annealing at 1000° C., they be 
come practically identical for all fields. Some samples of single 
refined iron were much harder than either of these, one having a 
coercive force of 20 dynes. In this connection it would seem that 
Schild’s criticism of Leick’s results is not entirely justified. As 
pointed out previously, Leick obtained results consistently higher 
than Schild’s, obtaining for a field of 125 dynes, an induction of 
over 19,000, while Schild obtained only 15,770. I have obtained 
18,600. 

Plunging a ring in liquid air and leaving it for several hours pro- 
duced no measureable permanent hardening. As the temperature 
is reduced below that of the room, the permeability decreases for 
small fields, but increases for large fields, this effect being greater 
after annealing. The hysteresis loss continually increases as the 
temperature is lowered, the rate of increase being greater after 
annealing. This is entirely at variance with Fleming and Dewar’s 
results on transformer iron, for they found no change in hysteresis 
loss at the temperature of liquid air. They also found the perme- 
ability to increase for all fields in the case of unannealed and 
hardened iron, which is again contrary to my results. A very 
curious effect is the decrease of the retentivity for low tempera- 





156 EARLE M. TERRY. [Vor XXX. 


tures, giving a maximum atabout 50°C. A careful search through 
the literature has revealed no mention of such a phenomenon, and 
it does not exist for several samples of commercial iron which I 
have tested. It is believed to be characteristic of electrolytic iron. 

The temperature of transformation from the ferro- to the para- 
magnetic state has been found to be 785° C., which is in good agree- 
ment with the best data available on the temperature of transition 
from the alpha to the beta state. Hopkinson has obtained the fol- 
lowing values : 

Sample. Carbon Content. Temp. of Transf. 


Soft iron, , .01 per cent. 786° C. 
Mild steel, —_ * 734° C 
Hard steel, 962 “* 695° C. 


| 


Morris gives 780° C. for a sample containing .08 per cent. carbon. 
Referring to the diagram of Fig. 14, these values are in accord with 
what we should expect from metallurgical considerations. Other 
experimenters have given values differing somewhat from the above, 
but unfortunately they have not included chemical analyses, hence 
their results are of little value for comparison. If the temperature 
were raised a few degrees above this critical value and allowed to 
fall slowly, magnetism always reappeared at the same temperature 
at which it disappeared. This seems to be characteristic of the 
purity of the metal. Hopkinson states that for his purest metal, 
the difference in the temperatures corresponding to the disappearance 
and reappearance of magnetism was about 3° C., while for hard 
steel, containing a relatively large per cent. of carbon, it was about 
30° C. Wills has also confirmed this point. The presence of an- 
other metal increases this effect in a very marked degree. Osmond 
has given the complete curves for nickel steels, an extraordinary 
case being that of the eutectic alloy containing 23 per cent. nickel, 
which remains non-magnetic until cooled to — 20° C. 

The change in the hysteresis loss with temperature shows some 
interesting variations. Kunz’ concluded from his experiments on 
soft iron that hysteresis loss is expressible as a linear function of 
the temperature, while Morris’ curves show distinct departures from 
a straight line. An inspection of curves 5,8 and 11, shows marked 

1 Electrotech. Zeitsch., p. 196, 1894. 
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depressions just after the temperatures 300° C. and 500° C. have 
been passed. These are in accord with the hydrogen points of 
Roberts-Austin, already mentioned. It is worthy of note that 
sample A, after annealing, shows this effect to a less extent than 
before, a large portion of the occluded hydrogen having been driven 
off in the process. 

Perhaps a still more striking proof of the existence of these points 
is given in the curves of Fig. 12, where the field which gives maxi- 
mum permeability is shown as a function of the temperature. As 
stated before, this point of maximum permeability was chosen by 
Ewing to mark the change from the second to the third stages of 
magnetization, and the field at which it occurs furnishes a conven- 
ient index to the softness of the iron. It will be noticed that in 
sample A, very marked depressions appear in this curve at the tem- 
peratures in question before annealing, but that after annealing, they 
can barely be detected. The changes in the magnetic properties 
at these temperatures can also be traced in the curves for coercive 
force and retentivity. Sample 2, being much softer, and probably 
containing less hydrogen, shows this effect less. The corresponding 
curves of Wills for wrought iron and alloys show no such abrupt 
changes. 

The variation of permeability with temperature is shown in Figs. 
4,7and10. Probably the most striking effect here is the sudden rise 
in permeability for low fields just before the transformation to beta 
iron takes place. The highest value of permeability which I have 
obtained is 11,000, occurring ata field of .5 dyne. Morris obtained 
a maximum of 14,600 for H = .2 in the case of Swedish iron, while 
Wills gives 17,200 for wrought iron for Y= .172. Although this 
last value seems large, the comparison shows that electrolytic iron 
is not so soft as some commercial irons. The chief respect in 
which my permeability curves differ from those of Morris is in the 
matter of regularity. It will be noted that nowhere in my curves, 
barring slight increases at the hydrogen points, do any irregularities 
appear, and this is believed to be characteristic of the purity of the 
metal. In marked contrast to this Morris found, for wrought iron, 
a distinct depression in the temperature-permeability curves near 
550° C., which could be traced in all except those for the largest 
fields. 
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It is well-known to metallurgists that the transition from alpha 
to beta iron is not abrupt, but covers a considerable temperature 
interval, the temperature at which the transition begins being greatly 
lowered by the presence of impurities. This has been shown inde- 
pendently by Arnold’ and Howe? by experiments on the temper- 
ing of steel. The depression in Morris’ permeability curves, which 
has just been mentioned, has been interpreted by Osmond * as mak- 
ing the lower limit of this transition. In view of the fact that I 
have found no indication of such an effect in electrolytic iron, it 
would seem as though this depression cannot be characteristic of 
iron itself in changing from the alpha to the beta state, but must be 
due to the formation of a molecular combination of the iron with 


some impurity. 

The effects of annealing at low temperatures are clearly shown 
by a comparison of Figs. 4 and 7, where it is seen that the maxi- 
mum permeability is increased about 50 per cent. by heating to 
800° C., while for small fields the increase is many fold. Table 
VIII. shows the results of heating to higher temperatures. From 


this it is seen that the iron is in its best state magnetically when 
annealed at 1100° C. Further heating decreases the magnetic 
quality very decidedly. Comparing electrolytic iron with Swedish 
iron we see that while it has a slightly lower coercive force and a 
higher maximum permeability, its high retentivity gives it an energy 
loss nearly 60 per cent. greater. 

Stansfield * has studied the physical changes that take place in 
iron when heated to temperatures that are high but insufficient to 
melt it. He recognizes two stages, (a2) overheated, (4) burned. 
The first refers to cases in which the temperature has not been 
carried above the line Aa in the Roozeboom diagram. Although 
the point of incipient fusion has not been reached, there has been 
a marked diminution in the closeness with which the crystals are 
held together. He has given no lower limit for this stage, but from 
my results it would appear to be just above 1100° C. The iron can 


1 Engineering, July 9, 1897. 

? Journal of the Iron and Steel Inst., 1895, Part II., p. 256. 
5 Metallographist, Vol. II., p. 187. 1897. 

* Journ, of the Iron and Steel Inst., vol. 2, p. 433, 1903. 
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practically be restored by annealing at a lower temperature. The 
second stage refers to cases in which the temperature has been taken 
above the line Aa. A highly carburized liquid is here formed 
which accumulates in the intercrystalline joints, and if the metal is 
held at this temperature too long this is forced out by the carbon- 
monoxide gas which is formed, leaving interstices in which oxidation 
may take place. If there has been no oxidation the metal may be 
restored by reheating to a temperature a little above that repre- 
sented by the line GOS, and cooling slowly, giving the carbon time 
to diffuse through the mass of the metal. 


SUMMARY. 


The following are the principal characteristics of Burgess electro- 
lytic iron which have been established by this investigation : 

1. Freshly prepared iron is very hard magnetically. 

2. Different samples show marked dissimilarities at low fields 
which disappear upon annealing at 1000° C. 

3. For large fields, all samples are quite similar, the values ob- 
tained for susceptibility being intermediate between those of Leick 


and Schild. 

4. Plunging into liquid air produces no permanent hardening. 

5. The retentivity has a maximum in the neighborhood of room 
temperature. 

6. Marked softening magnetically occurs at the hydrogen trans- 
formation points. 

7. Ferro-magnetism reappears on cooling at the same tempera- 
ture at which it disappears on heating. This temperature is 785° C. 

8. The depression in the permeability temperature curves obtained 
by Morris does not exist for this iron. 

g. The best temperature for annealing is 1100° C. 

10. Although when properly annealed it has a lower coercive 
force and a higher maximum permeability than Swedish iron, its high 
retentivity causes a large hysteresis loss. 

Thus far the iron has been studied up to 785° C. Owing to the 
limitations of the method, it has not been possible to extend the 
work up into the region of paramagnetism. It is my intention, 
however, with differently designed apparatus, to investigate this 
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hitherto little studied field, in which I think there is reason to expect 
even more marked characteristics of this very pure iron. 

In conclusion I wish to express my gratitude to Prof. C. E. 
Mendenhall for many valuable suggestions throughout the progress 
of this work, to Prof. C. F. Burgess for his generous supply of 
electrolytic iron, and to Prof. O. P. Watts for assistance in making 


the microphotographs. 
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THE WEHNELT INTERRUPTER. 


A STUDY OF THE WEHNELT ELECTROLYTIC 
INTERRUPTER. 


By KarL TAYLOR CompToNn. 


HE study of electrolysis has led to many unlooked for discov- 
eries, but probably few if any of these were more strange than 
when M. Violle passed a large current through an electrolytic cell 
with small wire electrodes, for the purpose of studying their polari- 
zation, and was startled by a regular succession of sharp explosions. 
Although in reporting this he ascribes the noise to interruptions of 
the current, the discovery was not put to practical use until seven 
years later. In 1899 Dr. Wehnelt conceived the idea of utilizing this 
remarkable phenomenon in an electrolytic device, to replace the 
clumsy mechanical circuit breaker of the Ruhmkorff coil, and success- 
fully used a coil so equipped in wireless telegraphy. The result of 


his experimenting is the Wehnelt interrupter. It will be our purpose, 
first to study the conditions which affect the action of this instrument ; 
and second, to use the results of this investigation in formulating a 
theory explaining its action. 


Part I. THe ACTION OF THE INTERRUPTER. 


The interrupter consists essentially of a lead plate as the cathode, 
and as the anode, a platinum wire sealed in a glass tube so as to 
leave from .5 mm. to 2 cm. in contact with the H,SO, electrolyte. 
Other materials may be used, but the above are probably the best. 
In the following pages the points designated as I, 2 and 3 are .38 
mm. in diameter, and 2.5, 5 and 9.5 mm. long respectively. Points 
4 and 5 are 2.15 mm. in diameter and 3.5 and 7.5 mm. long. 

If a gradually increasing battery current is sent through this ap- 
paratus, the first effect is simply ordinary electrolysis, with unusually 
high polarization of the wire anode. Then when the current reaches 
a certain value, the polarization increases greatly and the current 
almost ceases ; the wire becomes white hot and hisses in the liquid. 
Further increase of the applied E.M.F. only increases the polariza- 





162 KARL T. COMPTON. [VoL, XXX. 


tion. These two stages we shall call the electrolytic stage and the 
fatigue stage, so called since it occurs when the instrument is over- 
loaded. If a dynamo current is used, and better if an inductive coil 
is introduced into the circuit, these same two stages exist, but between 
them is introduced a third stage, that in which the interruptions 
occur, and which we shall call the interruption stage. 

In the interruption stage, several noteworthy phenomena occur. 
The strident thumping noise due to the explosive interruptions is 
almost deafening, and the violence of the action may be felt by 
putting a finger into the electrolyte. At each interruption a violet 
light surrounds the anode, although the wire itself is not heated hot 
enough to produce light. The bubbles of gas are thrown off 
violently, and on bursting give off fumes of SO, and H,SO, together 
with O, and ozone. During all this the electrolyte becomes warm. 
If the current becomes too large, the interruptions become irregular 
and soon the fatigue stage sets in. With but little trial, one finds 
that the size of the current and of the anode point, the concentration 
of the solution, the temperature and pressure, the inductance and 
capacity in the circuit, all affect the interruptions. Their various 
effects will be discussed in detail, and curves plotted to illustrate the 
relations which exist. These curves will be only a few selected from 
quite an extensive set of tables and curves, all agreeing in form and 
significance. 


To illustrate the change in conditions as we pass from the electro- 
lytic to the interruption stage, an ammeter was placed in the circuit 
with the interrupter and inductance coil, and a voltmeter, placed 


across the interrupter, read the drop across the instrument. Of 
course the readings in the interruption stage represent average values 
— the square root of the mean square — and 2 is found by dividing 
E by /. These specifications apply throughout the article. An 
A.C. wattmeter was placed to read the power consumed in the inter- 
rupter, and these readings were a constant check on the values of 
E and /. 

Evidently a marked change occurs at the points marked with 
circles. (See Fig. 1.) These are the points corresponding to the 
instant when the interruptions first occur—and this point will be 
called the lower limit. Below this point on curve 1, if we subtract 





No, 2.] THE WEHNELT INTERRUPTER. 163 


from the total E.M.F. the drop due to polarization, which Koch and 
Willner found to approach 3.79 volts in the electrolytic stage,’ we 
see that the remaining volts are proportional to the current, 2. ¢., 
the electrolyte obeys Ohm’s law. Here too, on curve 2, the fact 
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Fig. 1. 20 per cent. H,SO,. ZL=.o4 henry. Point 2. 20°C. Curve 1 shows 
the variation of Z with 7; curve 2 shows the variation of & with /, and curve 3 shows 
the variation of R with Z — all as the current is raised from a low to a high value. 


that the resistance decreases with increasing current is due to the 
fact that this counter E.M.F. becomes a less and less influential factor 
in the total resistance. Curve 3 shows that above the lower limit, the 
potential drop is proportional to the resistance, minus a certain con- 
stant resistance which is an inherent property of the electrolyte and the 


electrodes. As the current is increased in the interruption stage, the 


interruptions become more and more rapid and irregular. Curves 
1 and 2 show that there is an upper, as well as a lower limit, and 
if one exceeds this, the fatigue stage sets in. Having taken this 
general survey of the action, we shall now look more closely at the 
conditions existing in particular stages of the interruption. 


1. The Lower Limit. 

The values of £, 7 and ZR in this section are those values at which 
the interruption stage first begins. It is found that, for a given set 
of conditions, this stage begins at a very definite point. From the 
regularity of the curves in Fig. 2 it is evident that there are very 
regular relations existing at the lower limit. 

Plainly, the larger the point, the greater the voltage required to 


1 Polarization of Small Points, Annalen der Physik und Chemie, No. 3, p. 502,. 
1892. 
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produce interruptions. Each curve resembles an hyperbola and 
has as asymptotes the XY axis and a line A parallel to the 

202 Y axis. We infer then that 
the total E.M.F. may be 
resolved into three parts: 


Gq 
N 


(1) that necessary to over- 
come the counter E.M.F. ; 
(2) that additional which 
would be required to inter- 


STRENGTH 


S 
a 


ny SOLUTION 
ae 
~ N 


rupt in a 100 per cent. so- 
lution ; (3) that to over- 








o ’ : 
peretrium. oaoP 40 come the extra resistance 

Pig. 2. L==.0g henry. 20°C. Curves 4-7 due to dilution. The first 
show the total E.M.F. required to produce in- and second of these are 


terruptions, each curve representing a given anode Constant for a given point 
point used in electrolytes of different concentra- 
tions. The curves are for points having surfaces 
of 3.26, 11.45, 30.12 and 54.02 mm.? respect- from the origin to the line 


ively. Curve 8 is an equilateral hyperbola to 74 The third part varies 
show the departure of the curves from true hyper- 


and represent the values 


lit tien nearly inversely as the con- 


centration, as we should 
expect. It is in part (2) where the additional E.M.F. is required 
for larger points. 

The curves in Fig. 3 approximate sections of hyperbole, and 
indeed we should expect this, for as additional surface is equivalent 
to other circuits in parallel, the resistance would vary inversely as 
the surface, provided we can consider practically the total resistance 
as very close to the anode point. This assumption is shown to be 
true later. This interesting fact, however, is noticed. Whereas 
points, 1, 2 and 3 lie on one curve, points 4 and 5 in each case 
seem to lie on another. The explanation suggests itself as follows : 
Points 1, 2 and 3 are of wire .38 mm. in diameter, while points 4 
and 5 are 2.15 mm. in diameter. Another point, 6, has the same 
length as 4, and the same diameter as I, 2 and 3. 

Let the inner and outer circles represent cross sections of points 
6 and 4 respectively. Then the difference in the resistance between 
these two points is seen to be the resistance of the included electro- 
lyte, which the current from 6 must traverse, but not that from 4. 
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Then, by considering additional length as so much parallel circuit, 
we can reduce the resistances of points 4 and 5 to that value which 
they would have were they .38 mm. in diameter. Making these 


545 


SURFACE (N mm?* 
8 Sy 
2! gAMNO 


s 








0 is Zo 


40 
RESISTANCE 


Fig. 3. 20°C, £=.04 henry. These curves show how the resistance of the 
interrupter at the lowest current which will produce interruptions in each case, varies with 
the surface of the anode point. Curves 9, 10, 11, 12, 13 and 14 show this for solutions 
of I, 2.5, 5, 10 and 20 per cent. concentration. 


reductions and placing their values on the curves they are seen to 
fall exactly in line with points 1, 2 and 3, at the positions 4’ and 5’. 
By experiment it is found that the 
; -POMT § 
stronger the solution the larger the cur- 

. INCLUDED 
rent and the less the E.M.F. required ” ELECTROLYTE 
to interrupt. This is often of practical . POINT 2 
value, for the current may be cut down, Fig. 3a. 
using the same anode point, by using a 
weaker solution and a higher E.M.F. The question as to whether 
the product of volts x amperes remains a constant is answered by 
Fig. 4. 

Evidently slightly greater power is required to interrupt in weak 
solutions. This is probably due to the greater amount of energy 
required to overcome the electrolytic resistance outside the imme- 
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diate vicinity of the anode point, leaving it possible that the energy 
actually used in producing the interruption at the anode is constant 
207, for agiven point. If the in- 

| terruptions are produced by 
vaporization of the electro- 


x 


lyte touching the anode 








point, the energy necessary 





to interrupt in a given solu- 
tion would be proportional 


& 





to the amount of electrolyte 


STRENGTH OF SOLUTTON 
a 


. to be vaporized, that is, to 


700 ZOO FOO 
“9 WATTS the surface of the anode 
Fig. 4. Z—.oghenry. 20°C. Points1, point. This view is borne 


2, 3,4. and5. Curves 15, 16,17, 18 and1g) = oyt by Fig. 5. 
show the relation of the watts necessary to pro- 
duce interruptions to the strength of the electro- 
lyte for points 1, 2, 3, 4 and 5. pect that the distance be- 


tween the anode point and 
the cathode plate would affect the resistance of the instrument, we 
find that this has practically no influence; and this still further 








Although we might ex- 


proves that almost the whole electrolytic resistance is due to the 
counter E.M.F. and the resist- “ie 
ance of those layers of liquid im- » 


~ 
S 


22 


mediately surrounding the anode, 60 


o 


where the current’s path is very 
small. This, together with the fact 

25 50 75 100 12§ 
that the watts consumed are pro- WATTS 
portional to the anode surface, has Fig. 5. 1 percent. H,SO,. 20° C. 


, ; = .04 henry. d 20} 
important bearing on the theory of “= -04 henry. Curves 20 and 20% 
show that for I percent, and 20 per cent. 


the interrupter. solutions, the watts consumed at the 
lower limit are proportional to the sur- 

2. The Upper Limit. faces of the anode points. This is found 

to be true only when the anode points 





SURFACE 1N mm? 





8 


A glance at Fig. 1 shows that 
there is an upper limit, beyond 
which further increase of E.M.F. produces no further increase of 
current. This upper limit is found to be larger for larger anode 
points and for more concentrated solutions. For a given solution, 


are of the same cross-section. 


the upper limiting current is proportional to the surfaces of the 





No. 2.] THE WEHNELT INTERRUPTER. 167 


anode points. For instance, for a 20 per cent. H,SO, solution with 
points 2 and 3 the surfaces are in the ratio of 4.3 to 6.7, or .63 ; 
while the upper limiting currents are as 4 is to 6.4, or .63. 


3. The Frequency of Interruption. 


In the practical use of the interrupter, the two vital points to be 
attained are high frequency and sharpness of interruption. The 
ordinary hammer circuit breaker never produces more than 200 
interruptions per second, and with a large coil does not make more 
than 25 to 30. With the Wehnelt interrupter, the frequency with 
very small points may reach 1,500 to 2,000, and as high as 200 
with large currents. In the following measurements two methods 
for determining the frequency were used: (1) determination by the 


pitch of the sound produced by the interrupter ; and (2) calculation 


by the three voltmeter method.’ This latter method strictly applies 
only to harmonic E.M.F.’s, but by comparison of the two methods 
and by calculation of the resistance of the inductive coil, it was 
proved to be quite accurate in measuring the frequency. 


5 


tw w 4 
> 


CURRENT - AMPERES 


~ 








Oo 30 690 90 120 150 180 
FREQUENCY 


Fig. 6. 20°C. Point 2. These curves show the increase of frequency with in- 
creasing current. Curves 21, 22, 23 and 24 are taken using a 10 per cent. H,SO, solu- 
tion and with .o1, .013, .023, .043 henry inductance in the circuit, respectively. Curve 
25 is taken in a I per cent. solution with .043 henry. 


1 Nichols’ Laboratory Manual of Paysics and Applied Electricity, Vol. II., p. 124. 
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Low frequency readings were not taken owing to the increased 
inaccuracy at low frequency in the methods employed. Apparently, 
however, the first four curves produced meet at a common point 
A, indicating that the lower limit is independent of the inductance, 
provided there is enough inductance to produce interruptions, as is 
found to be true. Furthermore, by referring to previous readings, 
it is found that points A and B represent the lower limiting current 
under the same conditions. The bend in each curve marks the 
upper limiting current, which is larger for large inductances. 
Curves 24 and 25 show that it takes more current to produce a 
given frequency with strong than with weak solutions —a point of 

practical value. The fre- 


04 
quency may also be varied 
by varying the self-induc- 
tion in the circuit—the 

\er larger the self-induction the 

Ne lower the frequency. 

However, the self-induc- 

200 #8@ tion must be of a sufficient 


8 
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FREQUENCY 


Fig. 7. 20°C. Point 2. Curves 26,27 and value or there will be no 
28 show the variation of the frequency with the interruptions at all. There 
self-induction— curve 26 with a I per cent. so- 
lution and a constant current of 2.7 amperes; 
curve 27 with a 20 per cent. solution anda cur- the usable self-induction. 
rent of 5.6 amperes; curve 28 with a 20 per Jy curve 27, when the in- 


cent. solution and a current of 5.0 amperes. : 
ductance was made higher 


is also an upper limit to 


than at point a, the fatigue stage set in. 

Finally the greatest variation in frequency may be obtained by 
regulating the size of the anode points. In using very small points 
it was found best to bend the glass tube through 180° so that the 
point might extend vertically upward into the solution. This par- 
tially prevents the bubbles of gas liberated from catching at the 
point and insulating it. 


4. The Influence of Temperature on the Interruptions. 


The fact that heat influences the lower limit and the frequency 
can be explained only by supposing that the resistance of the elec- 
trolyte is changed, or that the electrolyte just surrounding the 
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anode point is vaporized. By experiment, however, it is proved at 
the lower limit that although the required current and E.M.F. 
decrease rapidly with increasing temperature of the electrolyte, as 
shown by curves 29 and 30, yet their ratio and hence the resistance 
remains practically constant. So we conclude that the reason that 
it takes less energy to interrupt at high temperatures is that the 
electrolyte is already partially heated toward vaporization. 
Curves 31 and 32illustrate > 

the increase of frequency pro- " 
duced by increasing the tem- 
perature of the electrolyte. In 
this connection, and leading 
likewise to the conclusion that . 

liquid is vaporized during in- og ee 
terruptions, is the fact that in- Fig. 8. Point 2, Z—.023 henry. 5 per 


creasing the pressure on the cent. H,SO, solution. Curves 29 and 30 show 
the decrease in the number of volts and am- 
; peres required to interrupt as the temperature 
rent through the interrupter, rises, Curves 31 and 32 show the effect of 
decreases the frequency, and temperature on the frequency; curve 31 with a 
constant current of 4.4 amperes and curve 32 
at a constant E.M.F. of 32 volts. 
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TEMPERATURE 
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> 
So 
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AMPERES 
i é 


° 





electrolyte increases the cur- 


raises the lower limiting cur- 
rent. 


5. The Effect of Capacity on the Interruptions. 


If a condenser is connected across an interrupter, as is done with 
the hammer circuit breaker, instead of bettering its action, it softens 
A it, and if the capacity is large, stops it 
entirely, bringing on the fatigue stage. 
This effect is important in the theory of 
the interrupter and will be explained un- 
der that head. 
If the condenser is put in parallel with 
the inductance, the sound is much less 





violent, but the frequency is changed 

ie but slightly. This effect is explained 
Fig. 9. thus :! 

Let OA represent’ the impressed E.M.F. The current in the 


1 Bedell and Crehore’s Alternating Currents, p. 309. 
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condenser branch /c is 90° in advance of OA and is small, equal 
to CEw, The current in the inductive branch /, lags behind OA 
by an angle tan-' Zw/R and is equalto &/Zw. The actual current 
is their geometric sum /. Thus the effect is to diminish both the 
current and the effect of the inductance. As the former of these 
tends to lower the frequency and the latter toincrease it, we see why 
the frequency suffers but little change ; but both tend to soften the 
sound. 
6. Interrupters in Parallel. 


If two anode points are connected in parallel as in Fig. ga rather 
surprising results are obtained. Instead of the smaller interrupting 
first and more rapidly than the large one, we find that the two act 
simultaneously as a unit. As to 
the lower limit, the watts con- 
sumed, the frequency, and in every 
other respect, any number of points 
connected thus act precisely like a 
single point with a surface equal 
to the sum of the surfaces of the points used. Moreover the 
watts consumed in each branch are such as would make it inter- 
rupt by itself, proving again that the watts consumed are propor- 
tional to the surfaces of the points. 

If, however, an additional inductance is introduced in one branch, 
and another in the other, in general the points do not act in unison, 
and the interruptions are very irregular. By adjusting the induc- 
tances the points may be made to act with the same frequency, and 
may even be made to act in unison when one lags a whole inter- 
ruption behind the other. The following table shows the watts 
required to work points I and 2 simultaneously, and those required 
to work the same points with the same frequency, but not in unison. 


L 














Fig. 9a. 





Case 1, Points 1 and 2. 


Ww. 


16 115.2 ‘ 11.2 
12 60 


Total watts, 71.2 
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Evidently in case 2 when one point interrupts the other gets the 
whole current and so these points will act on less power than in case 
1, where the current is always divided between the two. 


7. The Action of the Interrupter with Alternating Currents. 


Thus far we have considered only the use of direct currents, and 
in that direction which makes the wire points the anode. If the 
current is reversed there are no interruptions at all, the electrolytic 
stage passing directly into the fatigue stage as the current is in- 
creased. Thus it seems necessary that O and H both be liberated 
at the point, —a fact made use of later. 

Using an alternating current through an interrupter, we find as 
before a lower and an upper limit. Temperature, the size of the 
point, and the concentration of the solution all affect the lower limit 
as in the case of the direct currents. But there is this important 
difference that none of these quantities nor the self-induction nor 
the capacity affects the frequency. This depends only on, and is 
constantly equal to, the frequency of the alternating current. This 


E 
240 300 3 420 


PHASE 








Fig. 10. 


phenomenon was investigated by Professor Bailey, of the University 
of Michigan, and he obtained the following curves for the current 


and voltage cycles. 

In Fig. 10 the current and voltage curves are purposely placed 
on opposite sides of the z-axis. Plainly in one half of the cycle 
there is a very slight interruption, while there is a complete inter- 
ruption in the other half, which is that half making the wire point 
the anode. Although it might be expected that in some cases two 
interruptions would occur in the same half cycle, this has never been 
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found to be true. This being so, we should not expect the inter- 
rupter to be as effective on A.C. as on D.C. circuits, and this is 
true. For instance, with a current of four amperes through the in- 
terrupter, an induction coil gave a 44-inch spark on the A.C. cir- 
cuit, and a 6%-inch spark on the D.C. circuit. Mr. Waggoner, of 

Case School of Applied Science, 

has shown that by using wire 

points for both anode and cath- 
‘ ode, two interruptions a cycle 

may be obtained. It was found 

that if a D.C. ammeter is placed 

on an A.C. circuit in which an 

interrupter is working, a slight 
deflection occurs in the direction making the wire point the cath- 
ode. This is due to the partial breaking down of the opposite half 
cycle by the interruption. 

Another very important curve by Professor Bailey is shown in 
Fig. 11. 

In this figure it is plainly shown that the current lags behind the 
impressed E.M.F. as we should expect from the self-induction of 
the circuit. But at the instant of the interruption the current surges 
ahead so that at this point the two are in phase. The only thing 
that can produce this neutralization of the self-induction is a capacity, 
manifesting itself at the instant of interruption. As the capacity 
just neutralizes the self-induction it must adapt itself to the value 
C = 1/Lw? from the equation 


E 
I= ————---=- 
I 2 
a B+ (z, — 0) 
The important thing to be noted is that at the instant of interruption, 
and then only, there is a capacity effect in the interrupter. 





Fig. 11. 


8. Nature of the Light Surrounding the Anode. 

The light seems to be of the nature of a discharge of electricity 
through gases, and this is rendered more probable by the fact that 
the gases will be present partly in an ionized condition, owing to 
dissociation and electrolysis, and possible heat developed at the 
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anode. The spectrum of the light is, as we should suppose from the 
above, a line spectrum. The positions of the lines are marked by 
their positions on the scale, and their intensity by their relative 
lengths. The shading represents a glow as from a continuous 
spectrum. 

From this we learn that O and H are both involved in the forma- 
tion of light. There is also evidence of a spark, since we have 
plainly the sodium spectrum from the glass, and also a faint glow 
reinforced in the neighborhood 
of the platinum lines. This must 
be due to the spark from the 
platinum, since Professor Mc- 





Fig. 12. 
Clenahan proved, by using fus- 


ible alloys for points, that in the interruption stage the temperature 
never rose above 168° C., and hence not high enough to produce 
incandescence. Thus we learn that there is a spark discharge 
through O and H in the gaseous condition at the instant of inter- 


ruption. 
9. Nature of the Interruptions. 


In this section we shall go more fully than we have gone so far 


into several points concerning the nature of the interruptions. We 
have seen that the inter- 


ruptions meet the require- 
ments of frequency and 
suddenness. It is still a 
question whether the make 








or break is the more sud- 
poe den. The fact that an in- 
ata duction coil used with the 

















Wehnelt interrupter gives definitely directional sparks, and that an 
X-ray tube shows very little back action proves that the make and 
break are not of equal suddenness ; while by examining the wind- 
ings of the coil, it is evident that the break is more sudden than the 
make. 

This conclusion is verified by curves taken on the oscillograph. 
The curve shown in ‘Fig. 13 was taken by Professor Blondel. 

The next three curves, Fig. 13a, were taken by the writer. 
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These curves show the wonderful regularity of action of the inter- 
rupter under good conditions, and render it very evident that the 
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Fig. 13a. 














break is more sudden than the make. The significance of these 
curves will be discussed in Part II. 


Part IJ. Tue THrEorRY OF THE INTERRUPTER. 


We now have material enough collected to formulate a theory ex- 
plaining the action of the interrupter, and to test this theory in 
explaining phenomena hitherto left unexplained. Concerning the 
cause of the interruption opinion has been very much divided. An 
article in the Scientific American Supplement, No. 1223, says: 

“We shall not undertake to give an explanation of the theoreti- 
cal operation of this curious apparatus, a point on which opinions 
are as yet much divided. . . . We have here therefore a very com- 
plex phenomenon in which the condenser of variable capacity and 
the self induction of the circuit play the leading parts. The heat- 
ing of the wire has no direct action, as was at first thought.” 

Professor Thompson says: ‘‘ The cause of this remarkable phe- 
nomenon is the rhythmic sealing and unsealing of the anode by the 
liberated gas.” 

Elihu Thompson considers that the current across the gas film 
is like an electric arc, and that the heat of the arc decomposes the 
OH and this insulating layer stops the current. Then these gases 
reunite with an-explosion, and the current is again made. 

Armagnat proposes the theory that the variable high resistance 
at the points liberates energy which vaporizes the adjacent liquid 
and thus insulates the point. Then the vapor condenses and the 
current is once more set up. 

Hill gives the theory that the function of the self-induction is to 
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set up a back action liberating H, and that thus an explosive mix- 
ture is formed. 

Professor Blondel says: ‘‘ The energy of the inductance coil 
charges the variable capacity to a high potential. When this dis- 
charges, it drives the gas away and again lets the liquid back to 
the wire.” 

Many writers consider the cause to be intimately connected with 
resonance effects, since, as we have seen, there seem to be certain 
relations between the self-induction and the capacity. 

This last is, we believe, an unnecessary complication, and not borne 
out by the facts. For instance it cannot explain the fact that tem- 
perature, pressure, current or applied E.M.F. affect the frequency 
and the limiting current. Moreover it is difficult to see how the 
resonance effect and the electrical oscillations can occur consistently, 
since it is possible to obtain a wide range of frequency with the 
same value of inductance. Even granting all this, resonance cannot 


explain the violence of the interruption action. 
Hill’s theory of back action is also rather far fetched, we believe. 
The oscillograph records show no indication whatever of any reverse 


current. Besides, if the current is already broken, no back current 
can flow, and if it is not already broken, there is no tendency for it 
to flow. Thompson and Armagnat in their theories leave no place 
for the action of the self-induction, which is certainly a factor. 
Blondel does not refer to any explosion, but simply to the electrical 
discharge, as the thing which drives the gas away from the point ; 
neither does he explain the action of temperature. None of these 
theories, we believe, presents the whole truth. 

We wish to propose the following theory of the action of the 
Wehnelt interrupter. 

The electrolyte immediately surrounding the wire anode is 
vaporized not by the heat developed in overcoming the ohmic 
resistance of the platinum, but in overcoming the transitional 
resistance between the wire and the liquid, and the resistance of the 
electrolyte very close to the point. As to the former, it is well 
known that high resistance is offered to the passage of electricity 
from a smooth metal surface to a fluid ; and as to the latter, we saw, 
in sec. 1, that almost the whole electrolytic resistance is in the imme- 
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diate neighborhood of the point. As this greatly increased resist- 
ance increases the amount of heat evolved for the instant, a portion 
of the vapor is dissociated into O and H and thus an insulating 
sheath of an explosive mixture is formed around the point, stopping 
the current. This gaseous sheath is the dielectric and the point and 
the liquid are the plates of an electrolytic condenser. This con- 
denser is charged with the electricity given back to the circuit at 
the break by the inductive coil, and, as its capacity is small, its 
potential will be high enough to break down the dielectric by a 
spark, thus exploding the gaseous mixture and driving away the 
remaining gas from around the point and permitting the liquid again 
to make contact. This theory does not interfere with the prog- 
_ress of ordinary electrolytic action, which takes place between the 
make and break of the circuit. We will now proceed to make a 
series of deductions from the above theory, and test our own con- 
clusions by fact. 

There will be a definite amount of liquid around a given point, 
and a definite amount of current will be required to vaporize it. 
Also the larger the point, the greater the amount of liquid to be 
vaporized, and the energy required to vaporize it will be propor- 
tionally greater. This explains the fact that under definite condi- 
tions there is a definite lower limiting current, and that the watts 
consumed at this limiting point are proportional to the surface of the 
anode point. 

The function of the self-induction in the circuit is to charge the 
electrolytic condenser at the break. Without it the circuit remains 
permanently broken, which means that the fatigue stage sets in. 
Why is not the make instantaneous, and does not the current rise 
at once to its full value? Because of the self-induction in the circuit, 
and the greater the self-induction the more slowly will the current 
rise to its maximum value. The times required to make or break 
will be proportional to the times required for the current to rise and 
fall to the maximum and minimum values, and these times will be 
proportional to the time constants of the circuits, z. ¢., to L/R. 
Thus the frequency will vary inversely as the self-induction, pro- 
vided the interruption takes place by the time the current reaches 
its maximum. If this condition is not fulfilled, the relation will not 
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be exact. The first statement agrees with the facts previously stated 
in sec. 3. Furthermore, since the time required for the make is 
proportional to Z/R, and as R is comparatively small, being the 
resistance of the circuit, the time required for the make is com- 
paratively large. But at the break F includes the exceedingly 
large resistance of the insulating gas sheath, and hence the break is 
almost instantaneous. These facts agree with those noted in sec. 9. 
As the time of interruption is proportional to L/R, we should get a 
higher frequency with a high resistance in a 220-volt circuit than 
with a low resistance and a 110-volt circuit. This is found to be true. 

We have seen that enough energy must be given off to 
vaporize the liquid around the wire point. If the liquid is already 
hot, less current will be required and the speed with which the 
vaporization can take place will be increased. This corresponds to 
the facts that the lower limiting current decreases and the frequency 
increases with the rise of temperature. 

If the self-induction has a value of .o2 henry and the resistance 
is 10 ohms, the time constant is .002. That is, in .002 second the 
current will rise to 1/2.718 of its maximum value. It would, 
therefore, reach nearly its maximum value in .005 second. The 
break is instantaneous. Why then is not the frequency 5,000 as 
soon as the lower limit is reached? Because, although the maximum 
current is large enough to vaporize the liquid, it is not large enough 
to do it instantaneously. Some time is required to vaporize it, 
although, as we said before, this time is less if the liquid is already 
hot. These statements receive additional proof from two observa- 
tions. First, solutions of low specific heat give a higher frequency 
than those of a high specific heat. Second, stirring the electrolyte 
decreases the frequency, and may even stop the interruptions 
entirely by sweeping away all the liquid before it has had time to 
vaporize. Thus the fact that time is required to vaporize the liquid 
accounts for the fact that the interval between the interruptions is 
greater than the sum of the times required for the make and break. 
This explains also the fact stated above that the frequency does not 


always vary exactly inversely as the self-induction. The time 
required for the make does vary as the self-induction, but any 
additional time required to vaporize the liquid is independent of the 
self-induction. 
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If we place a condenser in parallel with the interrupter, as in 
sec. 5, we have the following explanation of the facts noted there. 
The extra current due to the self-induction, which charges the 
electrolytic condenser at the break, is now split up and part of it 
flows into the parallel condenser. This is equivalent to increasing 
the capacity of the electrolytic condenser, and consequently lower- 
ing the potential. Thus the potential may be so lowered as to pre- 
vent the spark. Then the point would remain insulated, and the 
fatigue stage would setin. This is exactly what happens. 

Why is it not possible, by decreasing the self-induction or the size 
of the point, or by increasing the current indefinitely, to produce an 
infinitely high frequency? The self-induction cannot be made less 
than the amount necessary to charge the electrolytic condenser to 
the sparking point, and as long as that much is present, the fre- 
quency is limited. The current cannot be increased indefinitely 

because if it becomes too large 
it heats the anode point above 
200° C. and then the spheroidal 
state causes the fatigue stage to 

a set in. Even below this value, 
ihr te the workable size of the current 

is limited by the fact that when 
gas is evolved in too large quantities it interferes with the liquid 
coming back to the anode point after interruption, and thus the in- 
terruptions are irregular. This is shown by oscillograph record 
no. 34 in sec. 9, which was put in partially to illustrate this fact. 
Lastly the point cannot be made indefinitely small since with very 
small points, the surface tension of the tiny bubbles prevents their 
escape from the point, although this defect may be partially rem- 
edied by bending the glass tube so that the wire tip extends up- 
ward instead of downward from the glass. 

In conclusion, further to establish this theory, we shall construct 
a current curve to fit the theory and compare it with the oscillo- 
graph records in sec.9. See Fig. 14. The curves are logarithmic, 
due to the inductance of the circuit. The section aé represents the 








make, the section dc represents the nearly constant current, while 
the liquid is vaporizing ; and the section ca represents the break. 
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Following out the theory we make the following observations: (a) 
The higher the temperature of the electrolyte the shorter dc. (4) 


The greater the self-induction, the longer and less erect the part aé. 
(c) The larger the point, the larger the dimensions of the whole 
figure. (d) At excessive current, the portion dc may entirely dis- 
appear, and the break even occur before 4 is reached. The figures 
become irregular, and some sections may be skipped. (¢) The 
higher the conductivity of the solution, the larger the whole figure 
and the more erect ab. (f) The greater the specific heat of the 
solution, the longer dc. (g) The greater the self-induction in the 
circuit, the more regular the interruptions. 

The majority of these deductions are borne out by the oscillo- 
graph records in sec. 9. Thus while the above theory is simple, 
we believe it is adequate to explain the main features of the action 
of the Wehnelt interrupter. 

In closing we wish to express our thanks to Professor Henry 
Dates, of Case School of Applied Science, for the use of the oscil- 
lograph of that institution, and to Dr. John Whitmore, of the Uni- 
versity of Wooster, for his suggestion and direction throughout the 
investigation. 


PHYSICAL LABORATORY, 
UNIVERSITY OF WOOSTER. 








Jj. 4. WEAZEY, [VoL. XXX. 


MAGNETIZATION CURVES FOR A SAMPLE OF IRON 
WIRE ONE MIL IN DIAMETER. 


By J. A. VEAZEY. 


HE following experiment was suggested by Professor W. S. 
Franklin ; and to him the author is greatly indebted for many 
valuable ideas, and to Professor J. H. Wily for assistance in work- 
ing out details of mechanical construction. The object of the ex- 
periment was to obtain a number of magnetization curves for a 
sample of mil iron wire, and from the curves to determine something 
in regard to the relative magnitude of the molecules, or groups of 
molecules constituting the elementary magnets of which a large 
magnet has been thought to consist. If the magnetization curves 
show changes indicative of sudden changes of magnetic flux in the 
wire, the inference is that the groups are of the order of one mil in 
magnitude. If the magnetization curves are smooth, the inference 
is that the groups are less than one mil in order of magnitude. 

The method of testing the iron wire is a modification of what 
Ewing calls the magnetometric method. The changes of magnetic 
flux in a mil iron wire are so small with magnetizing fields of 
moderate intensity that the ballistic method of detecting them was 
not practicable. 

The apparatus used is a modification of that employed by Ewing. 
Referring to the drawings, Fig. 1 is a front elevation of the special 
form of magnetometer used in the test, one half of the iron shield 
a being cut away. Fig. 2 is a section of the suspension case c 
taken onthe line 1-1, Fig. 1. Fig. 3 is a rear view of the suspension 
case ¢ showing the coil 4 and the lead wires used in determining the 
strength of the controlling field at the small magnet m,. Fig. 4 is 
a view of wooden slide f which carries the magnetizing coil 4 The 
glass tube g carrying the sample of wire to be tested is also shown 
in this figure. The tube g is small enough to slide into the coil ¢. 
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Fig. § is a horizontal section of the case c taken on the line 2-2, 
Fig. 1. Fig. 6 is a general view of the electrical connections used 
during the test. The letter 2 refers to a 120-volt storage battery, 



























































W to a water rheostat, G to a galvanometer standardized to read 
values of current, J/ to special form of magnetometer, X to a large 
steel magnet producing a directing field at the small magnet ,, 
and & to a telescope and scale. 

Referring to the apparatus in detail, like letters of reference refer 
to like parts in the several figures. The letter a refers to a well- 
annealed iron spool 20 cm. outside diameter, 10 cm. inside diam- 
eter, and 30 cm. high wound full of well-annealed iron wire. The 
spool is used as a magnetic shield to shield the suspended magnets 
m, and m, as far as possible from the effects of a fluctuating earth 
field. The letter 4 refers to a wooden bench which has a large hole 
in it to permit of the free adjustment of the apparatus suspended in 
the shield a. The letter c designates a glass tube containing an 
astatic system of magnets m, and m, fastened to a long, fine glass 
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rod o carrying the mirror ” at one end and a thin mica vane 2 at the 
other end. The function of the mica vane was to help make the 
suspended system “dead beat.” The rod e was suspended from 
the brass pin / by a single fiber of silk. A cork was fitted into the 
lower end of the tube, and through it extended a copper rod / to 
the upper end of which a thin copper disk was soldered. When 
the magnetometer was not in use, the copper rod was pushed up 
until the disk at its end formed a support for the delicate glass rod oa. 
One silk fiber was used to suspend the magnetometer needle. The 
first fiber used lasted during the subsequent trials. The letter d 
refers to a wooden disk through the center of which passes the glass 
tube c. This tube is wedged fast and the wedges are glued in place. 
The disk d is fitted with leveling screws rr. The letter ¢ designates 
a yoke which passes across the top of the disk d and supports the 
weights ww. The object of the yoke is to keep the delicate sus- 
pension inside the case ¢c from being too much shaken while the disk 


r-- £ 


0) 


Fig. 8. Fig. 9. 


d is being leveled. The letter £, Fig. 4 and Fig. 2, is a wooden slide 
which slides with sufficient friction to hold it where put in groove s. 
This wooden slide carries the magnetizing coil 4 The letter ¢ 
represents a fine glass tube containing the sample of annealed mil 
iron wire to be tested. This tube is small enough to slide into the 
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magnetizing coil ¢ whose inside diameter is .o5 cm. The letter / 
refers to a coil of wire consisting of a single turn 2 cm. in diameter 
and whose plane was 2.5 cm. from the center of the magnet m,. 
This coil was used to measure the value of the directing field at the 
small magnet m,. The letter & refers to a piece of wood bound to 


the glass tube c which contains the groove s. The letters m, and 


m, refer to two small magnets, each .3 cm. long, made of glass 
hardened hair spring. They form an astatic system and are fixed 
to the glass rod 0, 8 cm. apart. The magnetizing coil ¢ was made 
of silk insulated copper wire No. 36 wound 50 turns per centimeter 
on a glass tube of .o5 cm. bore. 


CALCULATIONS. 


Let Fig. 7 be a view of a horizontal section through the standard- 
izing coil 4, the small magnet m,, and the upper end £& of the 
sample of mil wire under test. 

Let / equal the strength of the induced pole at £. 

Let / equal the length of the sample of iron wire. 

Let / (Fig. 8) equal the field at , produced by current z in coil 4. 


ra°nt 


f= 5(2 re a)’ 


where 7 is expressed in amperes and 7 equals one turn in coil 4. 
Let /’ (Fig. 9) equal the field produced at m, by the induced 
pole M/. 


(2) f= M|- oe <I 


4zzl 
(3) H= 10 ’ 
where //7 is the magnetizing field in the coil ¢ of z turns per centi- 


meter produced by the current / expressed in amperes. 


F 


tan 0 


(4) 7 = 


where 7’ is the directing field produced at the magnet m, by the 
permanent magnet X, Fig. 6. 
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(5) T= tan 0’, or f' =H’ tan d’. 
Substituting the value of /’ from (5) in (2) 


HT!’ tan 0’ 
I ~ Spe 
(2? + 2?)2 


(6) M= 


Let s = section of mil iron wire, or 1 circularmil, or 5.07 x 10~* cm.” 


4xzM 
7 


(7) B + H. 


where B is the flux density, in lines per square centimeter. 
From (6) 


(8) 


47H’ tan 0’ 


I x + . 
[>- (2? + my | 


OBSERVATIONS. 


The following observations were taken to determine the value of 
the directing field 7’ at the magnet m,. 


Current in Coil 4, Scale of Magnet- Current in Coil 4, Scale of Magnet- 
Amperes. ometer. Amperes. ometer. 


0.125 . — .0125 18.90 
0.312 , 23.96 











The distance from the scale of the magnetometer to the mirror of the 
magnetometer suspension 

Radius a of coil 4 

Turns # in coil 4 

Distance 4 from plane of coil 4 to magnet m, 

Distance x from end Z of iron sample to magnet m, 

Length / of sample of mil iron wire under test 

Number of turns per centimeter z of magnetizing coil ¢ 


Using the first set of observed values : 
From (4) 
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From (1) by substitution f = .0322 x .0125 = .0004 gauss. 


aap ee diff. scale readings 
95 
18.9 — 13.25 
=— = .0595, 
95 595 
40 = 3° 24’, 
tan d = .0148, 


Pn 
~ ,0148 


H' = .0272 gauss. 


Substituting in equation (8) 
B = 198,600 tan 0’+ 62.83/. 


Using the second set of observed values and employing the same 
method of finding the constant multiplier of tan 0’ we have 


B = 196,000 tan 0” + 62.83/. 
Taking the average of the constant multipliers of tan é’ we have 
B= 197,000 tan 0” + 62.83/. 


This is the form of equation used in determining the values of B the 
flux density in the sample of mil iron wire. A is determined from 
equation (3) and equals 62.83/, where / is the current in the coil 
t, expressed in amperes. 

ERRORS. 


1. The magnetizing field 7 is somewhat less than 4z2//10 be- 
cause of the demagnetizing action of the rod upon itself. Ewing 
has shown that this error is negligibly small when the rod is six 
hundred diameters long. The specimen used was six centimeters 
long and one thousandth of an inch in diameter. Hence the error 
in this experiment due to the demagnetizing action of the induced 
poles may be neglected. 

2. The field due to the current in the magnetizing coil acts directly 
upon the suspended* magnet and produces some deflection, whereas 
equation (5) assumes that the deflection is due entirely to the field 
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which emanates from the magnet poles of the rod. Referring to 
Figs. 2 and 4 it will be seen that by means of the slide / the end of 
the magnetizing coil ¢can be pushed up or down until the magnetic 
field produced by a current in the coil has an effect upon m, equal 
and opposite to its effect upon m,. Before sliding the glass rod 
with the sample of iron wire into the magnetizing coil ¢, the zero 
reading of the magnetometer was taken. A current was sent 
through the coil ¢ and the slide / was moved to such a position as 
gave no deflection of the magnetometer needle when the current was 
reversed in direction. 

No attempt was made to compensate for errors due to the distri- 
bution of the induced poles at the ends of the sample. Extreme 
accuracy was not attempted and the calculations were all made with 
the slide-rule where possible. The form of the magnetization curve 
was the thing sought for rather than the actual values of the flux in 
the wire. The readings were taken after the glass tube ¢ had been 
slid into the magnetizing coil ¢ until the upper end of the sample 
of iron wire was opposite the magnet m,. The effect of the 
induced poles in the iron sample would be small at the magnet m, 
and the effect upon the two magnets was considered as a single 
effect at the magnet m,. This would not alter the smoothness 
or jaggedness of the magnetization curve, but would change the 
numerical value of the flux density. 























H B H B 
8.1 14,458 —2.80 13,093 
7.6 14,657 —3.10 12,803 
7.1 14,907 —3.45 12,403 
6.3 14,655 —3.70 11,354 
5.5 14,655 —4.00 5,864 
4.6 24,655 —4.30 867 
3.9 15,504 —4.70 — 3,275 
3.1 14,643 —5.10 — 5,685 
2.4 14,642 —5.40 — 6,306 
1.57 13,772 —5.66 — 6,885 
0.50 14,300 —5.96 — 8,436 
0.00 14,200 —6.28 — 9,816 
—0.50 14,000 —7.10 —10,807 
—1.63 13,500 —8.63 —13,550 
—2.39 13,252 
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The apparatus was found so delicate that the pounding of steam 
pipes, walking on floors overhead, or the moving of machinery in 
distant parts of the building caused the magnetometer to be in a 
state of constant vibration through small limits. 

The night was found the best time for taking observations, and 
the following values of B and H were calculated from a set of read- 
ing taken between the hours of eleven and twelve o’clock P. M. 

By placing a light supplied with alternating current under the glass 
tube c, the position of the astatic system of magnets m, and m, could 
be directly observed by looking in at the top of the tube c, which 
was left open for this purpose. 


/é xi 
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Fig. 10. 


Curve number 1, in Fig. 10, is that which corresponds to this 
series of values of B and H. 

The last trial was begun at two o’clock A.M. At this time the 
vibrations of the building were reduced to a minimum and the fol- 
lowing values of *B and H were calculated from a set of readings 
taken between the hours of two and four o’clock A. M. 
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H 
7.86 13,538 . 12,340 
7.73 13,628 ’ 12,230 
7.42 13,387 . 12,230 
7.10 13,387 . 12,050 
6.66 13,207 ; 11,690 
6.28 13,206 ; 11,458 
6.03 13,146 ; 11,248 
5.66 | 13,146 , 11,007 
5.28 13,145 t | 10,757 
4.90 13,145 . | 10,377 
4.65 13,145 9,566 
4.14 13,084 | . 7,406 
3.89 13,029 ] . 2,399 
3.70 13,029 | — 3,767 
3.26 12,873 | : — 5,655 
3.08 12,873 : — 8,145 
2.70 12,872 : —10,226 
2.39 12,732 . —10,996 
1.95 12,702 | C —11,007 
1.57 12,625 , —12,692 
0.88 12,341 : | —13,498 
0.57 | 12,340 ‘ —13,498 




















Curve number 2 is the curve corresponding to this set of values 
of B and H. 

The last set of observations was taken under the most favorable 
conditions and were in sufficient number to locate the B and 7 
curve with greater certainty than in any previous trial. The sus- 
pension system in the glass tube ¢ was observed at frequent intervals 
during the test, and moved without constraint due to floating hairs 
or interfering dust particles. 

The points locating the last curve are distributed in such a man- 
ner as to force the conclusion that the curve is perfectly smooth and 
that the elementary magnets of whatever kind they may be are less 
than one mil in order of magnitude. 


PHysICAL LABORATORY, 
LEHIGH UNIVERSITY. 





A NEW VOLUMENOMETER. 


AN IMPROVED FORM OF VOLUMENOMETER. 


By JOHN ZELENY AND L. W. MCKEEHAN, 


the usual form of volumenometer,' one of the mercury 

columns is open to the atmosphere, and the pressure of the air 
inside the instrument is obtained from simultaneous readings of 
the barometer and the difference in the height of the two mercury 
columns. Determinations of volume, and more especially those 
where the volume of the substance is only a minor fraction of its 
exterior bulk, are subject to a considerable error caused by the 
fluctuations in the atmospheric pressure, owing to the attendant 
variations in the volume of the enclosed air and the changes occur- 
ring in the relative states of the two mercury meniscuses. 

Moreover, with substances in the form of extremely fine powders, 
the canals between the particles are so minute that the gas passes 
through them but slowly when the differences in pressure are small. 
An equilibrium of pressure between the air among the particles and 
that outside is established, therefore, only after an appreciable time, 
and when the outside pressure is undergoing variations a complete 
equilibrium is never attained. 

These difficulties are obviated very simply by replacing the open 
tube of the instrument with a baromanometer, thus making the 
pressure readings independent of the pressure of the atmosphere. 

The accompanying figure gives a diagram of a form of such an 


improved volumenometer which has been found very serviceable in 


making a number of density determinations, for which it was spe- 
cially devised. 

The cylindrical brass vessel A, used for holding the substance 
whose volume is to be determined, is shown enlarged at the side of 
the figure. This vessel screws into the brass piece &, which is 
rigidly attached to the frame supporting the instrument. The sur- 
faces of contact between A and & were turned true in a lathe, and 


1 Regnault, Ann. de Chem. et Phys. (3), XIV., 1845. 
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the thinnest coating of vacuum wax is sufficient to ensure a per- 
fectly air-tight joint. The hole at C permits the use of a lever bar 
for tightening and loosening the cylinder. A groove D was cut 
n) across the threads at one place to serve as an 
outlet for the air while the cylinder is being 
screwed into position. 

The glass tube £ leads from A to the 
cylindrical vessel F, in which the two pro- 
jecting points G and H mark off a definite 
volume. The baromanometer A, which is the 
new feature of the apparatus, is of the same 
diameter (18 mm.) as the tube F. The air 
had been removed from the portion of K above 
the air trap Z, by boiling the mercury, so that 
the difference between the two surfaces in F 
and X gives the true pressure in F and 4A. 

The level of the mercury in F can be 
changed by opening the stop-cock M/ and 
raising or lowering the mercury reservoir JV. 
The trap O catches any air-bubble that may be 
carried in by the flowing mercury. The tak- 
ing of readings was facilitated by etching the 
ends of the points G and # to prevent trouble- 
some reflections, and by placing a paper with 
inclined lines ruled on it, back of the tubes to 
establish better the top outlines of the mer- 
cury meniscuses. The mercury was not 











brought into actual contact with the points, 
as even a light contact is sufficient to produce 
an appreciable depression. A small gap was 
left and measured and a correction applied to 
the volume involved. 
Fig. 1. The volumenometer was used in a constant 
temperature room and an accuracy of one 
half of one per cent. was obtained even when the volume measured 
was less than one fifth of the volume of the cylinder A. 
The essential parts of the apparatus should be screened against 
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the radiation from lights and the observer, and if used in an ordi- 
nary room the whole should be enclosed in a tight box with a stirrer 
working inside to equalize the temperature between the top and 
bottom. 


By unscrewing the cylinder A, the instrument is always available 


for use as a barometer. 


PHYSICAL LABORATORY, 
UNIVERSITY OF MINNESOTA, 
October 21, 1909. 
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ELECTRIC WAVE RECEIVERS. 


By HAROLD W. WEBB AND L. E. WoopMAN. 


HE study of short electric waves has been difficult because of 

the small and variable emission of the vibrators employed 

and the lack of sufficiently sensitive receivers. The improvement 

of the latter, together with the construction and tests of new forms, 

was made the object of extended study, the results of which are 
briefly described in this paper. 

As will be shown later, the quantitative measurement of the 
currents set up in a resonator by incident waves, less than 10 cm. 
in length, can be best made by using the heat effects. Hence, in 
any method employed we should have a resonator of the constricted 
type, that is, one at the center of which is a large resistance with a 
small heat capacity. For the determination of the temperature 
increase, all of the methods well known in the study of thermal 
radiation have been employed. The familiar Klemencic receiver ' 
and the bolometric receiver? depend upon the thermo-electric effect 
and the temperature coefficient of resistance, respectively. The 
Boy’s radiomicrometer was adapted to the study of electric waves 
by G. W. Pierce,’ in his combined Klemencic receiver and D’ Arsonval 
galvanometer, while the “ radiometer receiver’ of G. F. Hull,* who 
placed the vane of a radiometer opposite the gap of a Righi reso- 
nator, corresponds to the Nichols’ radiometer.° 

The Klemencic receiver has already been treated in an earlier 
paper,® in which a method for greatly increasing its sensitiveness 
was described. The bolometric receiver was not studied at any 
great length, as its high resistance and the indirect methods of 
determining the changes of resistance were very inconvenient. The 


11, Klemencic, Wied. Ann., 45, 78, 1892. 

2 Rubens and Ritter, Wied. Ann., 40, 58, 1890. 

3G, W. Pierce, Phil. Mag., 1, 179, 1901. 

4G. F. Hull, Science, N. S., 16, p. 175, 1902. 

5 FE, F. Nichols, Pays, REv., IV., 298, 1897. 

® Webb and Woodman, Puys. Rev., XXIX., No. 2, 94, 1909. 
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use of a differential galvanometer seems to be the best method with 
this receiver. For long waves the bolometer has the advantage of 
great sensitiveness.' 

The receiver devised by Hull* was experimented with at great 
length in this investigation. By the introduction of different con- 
strictions, the attempt was made to increase its sensitiveness, but it 
was not found possible to exceed that of an ordinary Klemencic 
receiver (thermo-couple .025 mm. in diameter, with galvanometer, 
sensitiveness 4 x 10~* volt). Furthermore, the unavoidable dissym- 
metry of the apparatus caused great unsteadiness, which with the 
lack of proportionality between the deflections and the incident 
energy made this construction very unsatisfactory. 

A new form of receiver depending upon “ radiometric” action 
was therefore devised, which took full advantage of the heat devel- 
oped. The improvement consisted in making the resonator a part 
of the suspended system, and heating a metal radiometer vane 
directly by the current. The construction shown in Fig. 1 (a, 4, c) 
was adopted, in order to reduce the moment of inertia as much as 


b | l 


aaa PK 























»M 


Fig. 1. Fig. 2. 


1W. P. White, "Puys. Rev » XXV., 138, 1907. 
2G, F. Hull, 4 ¢. 
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possible, its value in a well built receiver being less than 4 x 10° 
gr.cm.? The straight resonator antennz A are of wire, 0.12 mm. 
in diameter, each 2.6cm.in length. A small glass rod P, cemented 
with shellac, holds them rigid in almost perfect alignment, with their 
inner ends 0.15 cm. apart. The two cross wires R are .037 
mm. in diameter and 6 mm. in length, soldered at right angles 
to the inner ends of the antennz. Metallic connection is made be- 
tween the two parts of the resonator by a strip of gold foil G, 0.7 
mm. in width and .ooo1 mm. in thickness (the thinnest commercial 
foil), soldered to the ends of the cross wires with soft solder. The 
system was suspended by a fine quartz fiber /, in a closed vessel 
(2.5 cm. in diameter), connected with a vacuum pump. The gas 
pressure in the surrounding vessel was varied from .04 to .07 mm. 
of mercury during the experiments. 

The current flow in the resonator during one half of the oscil- 
lation is shown in the figure by arrows. The effect of the current 
is to heat the gold, and the consequent gas force, which is 
cut off on one side by the light mica shield S, supported within a 
few tenths of a millimeter of the foil by the glass whip W, causes 
a rotation of the system, measured by the image of an illuminated 
scale in the small plane mirror J/. For the sake of symmetry, a 
similar strip of gold foil, D, not soldered to the cross wires but in- 
sulated with shellac, and a second mica shield 7, similar to S, was 
fixed to the opposite side of the suspension. Thus, the system was 
indifferent to ordinary heat radiation and perfectly steady. To 
avoid the effects of jarring, the apparatus was set upon a heavy 
block of stone resting on rubber stoppers. 

The sensitiveness of the receiver was increased about six times 
by the use in place of the gold foil of a platinum strip, .0004 mm. 
in thickness and .o1 mm. in width, obtained by rolling out a silver 
wire with a platinum core (.002 mm. in diameter) to a width equal 
to five times its initial diameter, the silver being later dissolved off 
with nitric acid. This also increased the resistance of the con- 
striction from four to thirty ohms. This receiver was compared 
with a Klemencic having a soldered iron-constantan thermo-element 
(.025 mm. in diameter — galvanometer sensitiveness 4 x 10~* volt). 
The radiometric was approximately forty times as sensitive as the 
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thermo-electric receiver, as measured in mm. deflection. While 
this advantage is reduced to approximately two times, if we con- 
sider the improved Klemencics already referred to,' the actual gain 
in sensitiveness is much larger. For the true test depends not only 
upon the ratio of the actual deflections, but also upon the inverse 
ratio of the variations of the zero reading. A deflection of 10 divi- 
sions, which, on account of a steady zero, can be read accurately to 
one tenth of a division, is equivalent to a deflection of 100 divisions, 
in which the error due to a shifting zero is one division. Now the 
galvanometers used with the Klemencic receiver, even though they 
be carefully shielded, vary in their zero reading by at least one half 
of a division, while a carefully constructed radiometer suspension is 
steady within one tenth of a division. Again the “line effect,” as 
we shall call the disturbances in the receivers, resulting from the 
currents set up in the lead wires by the varying static charges on 
the induction coil and vibrator system, causes a zero error in the 
Klemencic (also in the bolometric type), which in some cases is 
very large. This further reduces its true sensitiveness. From these 
considerations we may conclude that the new radiometric receiver 
is more than ten times as sensitive as the best thermo-electric couple. 

The effect of varying the gas pressure was investigated.” The 
sensitiveness was a maximum for pressures between .04 and .o7 mm. 
of mercury. No advantage could be observed in the use of a mica 
wall placed 1 mm. from the vane, and as it tended to make the sus- 
pension unsteady it was removed. 

The advantages of the radiometric receiver are : 

1. Increased sensitiveness. 

2. Steady zero reading. 

3. Freedom from “ line effect’’ and similar disturbances. 

4. Simplicity : it is self-contained, having no lead wires or other 
metallic connections. Being independent of very sensitive galva- 
nometers, its use is possible where such instruments are not readily 
available. 

On the other hand, its disadvantages are such that it is not con- 
venient for many kinds of measurements. The difficulty of altering 


1 Webb and Woodman, /. c. 
2E, F. Nichols, /. ¢. 









































196 H. E. WEBB AND L. E, WOODMAN. (Vou. XXX. 


its length and of adjusting its period,’ the necessity of using the 
receiver in a vertical position, and of supporting it so as to be free 
from jarring, and the increased difficulty of construction, make it 
impossible to use in many cases. The peculiar form of the constric- 
tion affects the period in an unknown way, but this difficulty can be 
avoided by an alteration in the construction. 

For very short waves the radiometric receiver, while less sensitive 
(in divisions deflection) than the thermo-electric,’ is of great advan- 
tage. The form which is then used is very simple and easy to 
construct. It consists (Fig. 2, a, 4) in a resonator formed by a strip 
of very thin gold leaf G, stretched between two glass whips VW, 
cemented at right angles to the glass suspension axis A. Behind 
the gold leaf, attached to the opposite side of the whips, is a mica 
shield S (Fig. 2, 4), cutting off the gas action on the rear. A similar 
mica vane on the opposite side of the system is used to balance the 
resonator. The zero reading of this receiver was very steady, and 
the small deflections obtained with the short waves could be read 
to one tenth of a division. On the other hand the thermo-electric 
receiver with which it was compared, was subject to large disturb- 
ances,® which could not be entirely eliminated. The resulting error 
was considerable and hence the less sensitive radiometric receiver 
was of great advantage. The absence of lead wires is also an ad- 
vantage with the short wave-lengths. 

Two other types of receiver have been used for measuring the 
energy in electric wave experiments, the coherer and the mechanical 
receivers. The coherer, with* or without’ resonating antenne, has 
already been considered.® It has the advantage of great sensitive- 
ness, but its variableness and the impossibility of using it for accu- 
rate quantitative measurements makes its usefulness very limited. 
The mechanical receivers, depending upon the electrostatic and 
electrodynamic forces produced by the currents in resonators, were 


first used by Hertz’ with waves on wires, and by Bjerknes ° for free 
1 Willard and Woodman, Puys. Rev., XVIII., 5, 1904. 

2P, Lebedew, Wied. Ann., 56, 3, 1895. 

3P. Lebedew, 7. ¢. 

4G. V. Maclean, Phil. Mag., 48, 115, 1899. 

5]. G. Bose, Phil. Mag., 43, 60, 1897. 

6 Webb and Woodman, /. c. 

7H. Hertz, Wied, Ann., 42, 411, 1891. 
8V. Bjerknes, Wied. Ann., 44, 76, 1891. 
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radiation of wave-length 50cm. Their use has also been suggested ' 
for very short waves, and some experiments were tried with them 
during these investigations. Fig. 3 (a, 4) shows an apparatus 
which was constructed to measure the attractive forces between the 
opposite charges on the opposite ends of two similar resonators, 
due to the currents set up by an incident wave-train. Each of the 
ten dumb-bell resonators, E and S, consisted of a fine wire, .037 
mm. in diameter and 6 mm. in length, connecting the centers of 
two parallel circular tin-foil disks, radius I mm., in the manner 
shown. One pair S was fastened by the glass cross-arm JN to the 
glass suspension axis ?, which was hung on a fine quartz fiber, so 
that these resonators swung in a horizontal plane between the 
stationary resonators £, with a clearance of only 0.5 mm. By 
means of the magnet KA, on the torsion head, the suspended reso- 
nators were displaced 0.8 mm. from their symmetrical position 
between the others (see Fig. 3, 6), and the electrostatic force acting 
to draw them back, when they were set into electric oscillation by 
the electric waves, was observed by means of the mirror J/._ Al- 
though energy, sufficient to give several thousand divisions deflec- 
tion with a similarly placed Klemencic receiver, was incident upon 
this system, the force was too small for detection. 

This was due largely to the size of the resonators, which were 
too small to take up sufficient energy. Furthermore, it can be 
shown that the efficiency of this mechanical receiver decreases much 
more rapidly, with decreasing wave-length, than that of a receiver 
depending upon the heat developed, of a Klemencic, for example. 
This is due to the high frequency of the oscillations, which corre- 
spond to a wave-length of about 10 cm. If the varying charge 
on the end of a resonator is £ sin nt (m= 2z x frequency), the 
current between the ends is given by 

C = (2m x 3 x 10 +A) Ecos nt. 
Now the force acting on the system is intermittent, being produced 
by about 150 wave-trains per second, each approximately equiva- 
lent to three undamped oscillations. The average value of the force 


is therefore equal to the sum of these impulses for one second ; or 
2 


F = 150{(3 x A) +(3 x 10")} K - ” (E sin nt)dt 
™ Jo 


1 E. F. Nichols, paper read before the International Electrical Congress of St. Louis, 
1904. 
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2 


KE 
= 150{(3 x 4) +(3 x 10°)} = 7.5 x 10°KE*, 


where X is a constant depending on the dimensions of the system. 
The current for a given force is, therefore, C = const. + Ai, so that 
for the same deflection the current in the resonators, the constants 
of the system remaining the same, must increase as the wave-length 
is diminished according to this relation. 

On the other hand, in the case of the temperature receivers, the 
current necessary for a given deflection is C= M+ 7, where M 
is a constant depending upon the resistance and other constants 
of the system (the same for all sizes of receiver of the same type), 
and ¢, the time during which the current is actually flowing in an 
interval of one second, given, as above, by 

t= (3 x 150x A) +(3 x 10”). 

Hence C = const. + /!, so that for a given deflection the current in 
the resonator is inversely proportional to the square root of the 
wave-length. Thus as the wave-length is decreased the temperature 
receivers decrease in sensitiveness much more slowly than the me- 
chanical system, the ratio of the deflection given by the former to 
that given by the latter for constant current varying inversely as the 
square of the wave-length ; 7. ¢., 

Deflection : temperature receiver constant 

Deflection: mechanical receiver s§s 2? 





Hence we find that for short waves the former are still very sensitive 
while the latter are not available. An approximate computation 
showed that a current of at least .o4 ampere would have been neces- 
sary in the mechanical system described to obtain an observable 
effect. With much longer waves and more suitable resonators the 
effect should be measurable, and this type of receiver capable of 
being used to measure the incident energy. 

In conclusion, we wish to thank Professor G. F. Hull for his 
kindness in loaning us apparatus, and especially to acknowledge 
our indebtedness to Professor E. F. Nichols, at whose suggestion 
and under whose guidance this work was done. 


PHc@ENIX PHysICAL LABORATORY, 
COLUMBIA UNIVERSITY, 
December, 1908. 





LINEAR OSCILLATORS. 


THE WAVE-LENGTH AND OVERTONES OF A 
LINEAR ELECTRICAL OSCILLATOR. 


By James E. Ives. 


HE experiments described in this paper were undertaken to 
determine the wave-length of the electric waves emitted by 
linear oscillators. By a linear oscillator is meant an oscillator of 
cylindrical form, the diameter being small compared with the length. 
Two theories exist to-day as to the wave-length of such an 
oscillator. One theory, due to Abraham,' reaches the conclusion 
that the wave-length is equal to about twice the length, and the 
other, due to Macdonald,’ that it is equal to about two and a half 
times the length of the linear oscillator. The first theory is sup- 
ported by Rayleigh,* Kiebitz* and others ; the second by Pollock,* 
Cole* and others. The subject is one of great theoretical interest, 
and of practical importance. 

The oscillator used in these experiments consisted of two cylinders 
of brass supported by a hollow cylinder of hard rubber. The 
arrangement is shown in Fig.1. Inthefig- +... Q~ 
ure, rv is the cross-section of the hard rub- h. y ub 
ber cylinder; 46, of the brass cylinders, 
and ¢ the cross-section of a cork. Three 
oscillators were used having total lengths 
of 5, 7.5 and 10 cm. respectively. The 
diameter was the same in each case, and 
equal to.25 cm. The error in the meas- 
urement of the dimensions in any case was less than 2 per cent. 
The hard rubber cylinder was 3.85 cm. (1 % inches) long, and had an 

1 Ann. Phys., 66, 1898, pp. 435-472. 
? Electric Waves, p. IIT. 

§ Phil. Mag., 8, 1904, pp. 105-107. 

*Ann. Phys., 5, 1901, pp. 872-904. 


5 Phil. Mag., 7, 1904, pp. 635-655. 
6 Puys. REV., 20, 1905,"pp. 268-272. 
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outer diameter of 2.26 cm. (7% inch) and an inner diameter of 1.26 
cm. (% inch). The lower end of the cylinder was plugged with a 
cork ¢, and it was filled to two thirds of its depth with kerosene oil. 

The oscillator was charged with an induction coil operated by a 
rotating mercury interrupter. The charge was led to the brass 
cylinders by two brass wires bent at their ends into elbows. The 
lead sparks were about 3 mm. long. The length of the spark gap 
between the brass cylinders was about .o15 cm. 

The receiver was made of two No. 29 (Brown and Sharpe gauge) 
copper wires, .0285 cm. in diameter, connected by a thermo-electric 
junction of iron and constantan wires .00208 cm. in diameter. The 
portion of the receiver consisting of the fine wire was about 4 mm. 
long, and had a resistance of about 6 ohms. The receiver and its 
lead wires were fastened with sealing wax to a 
small wooden board, 4 cm. long by I cm. wide. 
The receiver is shown in Fig. 2. In the figure, R, 
and X, are the receiver wires, and ZL, and L,, the 
lead wires. The lead wires passed through two 
holes in the board and were led straight back 
horizontally through two small glass tubes which 
supported the board. 

Both oscillator and receiver were usually placed in the foci of 
cylindrical parabolic mirrors made of sheet zinc. The mirrors had 
a focal length of 7.5 cm.; were 60 cm. long, 64 cm. high and 31 
cm. deep. The oscillator and receiver were used in a horizontal 
position, and the measurements made when they were about a meter 
apart, and 154 cm. above the floor of the room. The room was 6 
meters long, 3.5 meters wide and 3.75 meters high. 

The galvanometer used to detect the thermo-electric current was 
constructed in the shop of the Physical Laboratory of the Univer- 
sity of Cincinnati, from specifications given by Coblentz in the Bul- 
letin of the Bureau of Standards (vol. 4, pp. 424-435, Figs. 5 and 
6). Itis a four-coil Thomson galvanometer with small coils, and 
a very light astatic suspension made of ten magnets each 1.1 mm. 
long, five above and five below. The whole suspension weighed 
only about’ 7 milligrams. The resistance of each coil was about 
18.3 ohms. Since it was used with all four coils in parallel the 











Fig. 2. 
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resultant resistance was about 4.7 ohms. As used in these experi- 
ments it had a sensitiveness (figure of merit) of about 2.5 x 107* 
amperes for 1 mm. of deflection at a scale distance of 1 meter, with 
a period of about 4 seconds. It was calibrated, and the deflec- 
tions were found to be proportional to the current. 

The resonant length of the receiver was found by cutting off the 
No. 29 copper wire of which it was made, piece by piece, with a pair 
of scissors, and noting the corresponding galvanometer readings. 
These readings when plotted gave a resonance curve from which 
the resonance length could be obtained. Taking the receiver of this 
length, the common wave-length of both was found by the inter- 
ferometer method used by Hull,’ Williard and Woodman,? Blake 
and Fountain,® and others. 

The results obtained may be grouped under the following heads. 

1. Harmonic overtones in the receiver. 

2. Sources of error in the interferometer method. 

3. Effect of the medium surrounding the spark gap. 

4. Influence of the diameter of the receiver upon its resonant 
length. 

5. The resonant length of a linear receiver with a thermo-elec- 
tric junction. 

6. The most probable value of the wave-length of the linear 
oscillator. 

1. Harmonic Overtones in the Receiver. — Fig. 3 shows the res- 
onance curve for the 5 cm. oscillator. This experiment was repeated 
a number of times, and all the curves agree closely, so that there 
can be no question as to their accuracy. They were made with the 
sender and receiver in the foci of the parabolic mirrors. The curve 
shows three well-marked maxima for lengths of 4.4, 13.8 and 
25.7 cm., respectively. The 4.4 cm. maximum shows what the 
length of the receiver must be in order that its natural period shall 
be the same as that of the sender. The 13.8 cm. maximum gives 
its length when its natural period is three times, and the 25.7 cm. 


maximum when its natural period is five times that of the sender. 


1Puys. REv., 5, 1897, pp. 231-246. 
?Puys. REv., 15, 1904, pp. 1-22. 
8 Puys. REv., 23, 1906, pp. 258-264 
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Abraham ' states that a linear conductor may vibrate in a free 
manner with its fundamental frequency or with any whole multiple 
of this frequency. The fundamental vibration is said to be of the 
first order; a vibration having twice the frequency of the funda- 
mental, of the second order; three times that of the fundamental, 
of the third order, and so on. A first order vibration is the funda- 


| 


eae 
i. Oe i 
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Length of recewer in centimelers 








Fig. 3. Resonance curve for the 5 cm. oscillator. 


mental vibration ; second order, the first overtone; third order, the 
second overtone, and so on. In general, for any linear oscillator 
of circular cross-section, the wave-length /, for an oscillation of the 
uth order, is given according to Abraham’s theory, by 


“ 2/ 2) 
(1) a (140 ’ 
where 
/ = length of the oscillator, 


n = order of the oscillation, 


4.8 + 2 log, 
_— n ‘ 





I 


t= — a 
4 log, 5 
and 

6 = radius of the cross-section of the oscillator. 


As the order of the overtone increases, the correction to be applied 
to determine the wave-length of this overtone decreases. From 


12. ¢., pp. 433-472. 
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Fig. 3 it is evident that when the receiver is 25.7 cm. long, it is 
vibrating with an overtone of the fifth order, and that this overtone 
has the same frequency as the oscillator. The wave-length of the 
oscillator is then given by formula (1). For this case = 5, and 
c,¢” is equal to .00178. This is a small quantity with respect to 1, 
and may be neglected. We then have, for our experiment, 
eee. AE 10.3 cm. 
5 

Of course the accuracy of this result is diminished by the fact that 
the receiver is not made of wire of the same diameter throughout 
its length, since it has the fine wire forming the thermal junction 
at its middle portion. This part of the receiver has a greater re- 
sistance than the rest of it, and this will tend to make its length 
less than it would be if it were constructed entirely of the copper 
wire. This agrees with the fact that the first maximum occurs at 
4.4 cm. instead of at 5.1 cm. The higher, however, the order of 
the overtone used, the smaller will be the error due to this source. 
In this particular case the wave-length obtained in this way agrees 
very closely with that obtained by the interferometer method. It 
also agrees with that calculated from Abraham’s formula given by 
equation (1). This experiment, assuming that Abraham's theory 
is correct, suggests a method of determining the wave-length of an 
oscillator from the overtones set up by it ina linear receiver. Such 
| a determination would not depend, in any way, upon the phenomena 
of interference in free space, as do most of the methods now in use. 
This method might appropriately be called the method of harmonic 
overtones. 

2. Sources of Error in the Interferometer Method of Determining 
the Wave-length.— The plane mirrors of the interferometer were 
made of well-seasoned wooden boards, 122 cm. wide by 121 cm. 
high, covered with tin foil. The grating was composed of No. 32 
(Brown and Sharp gauge) copper wires (.020 cm. in diameter) spaced 
5 cm. apart, supported by a wooden frame 100 cm. x 100 cm. 

Fig. 4 shows the interference curve obtained for the 5 cm. sender 
when the receiver was tuned to it, namely, when it was 4.4 cm. long. 
The mirrors, in this case, were probably equidistant from the grating 
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Fig. 4. Interferometer curve for the 5 cm. oscillator. 


when the reading on the slide was 27 cm. This curve gives a mean 
wave-length of 10.2 cm. 

Curves a and 4 of Fig. 5 show the interference curves for the same 
oscillator when the receiver was 10 and 30 cm. long, respectively. 
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They show that if the receiver is not tuned to the sender, the 
maxima and minima become indistinct, and the determination of the 
wave-length of the sender becomes indefinite. 

To investigate this effect of the length of the receiver upon the 
apparent wave-length of the sender, I made a series of determina- 
tions of the wave-length of the 5 cm. sender, using receivers of dif- 
ferent lengths. As in the preceding experiments both the sender 
and receiver were placed in the foci of the parabolic mirrors. The 
results are shown in Fig.6. It will be seen that the apparent wave- 
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length varies all the way 
from 4.3 cm. to IO cm. 
The fact the position of the 
principal maximum varies 
from 27.5 cm. to 29.0 cm. 
is due to the accidental 
shifting of the position of 
the grating. Curves I-3, 
4-8 and 9-11! were taken 
at different times. If they 
had been taken, one after 
another, without any shift- 
ing of the grating, the prin- 
cipal maximum would, of 
course, always have oc- 
curred at the same reading 
on the slide. 

These curves show that 
the apparent wave-length 
of a linear oscillator as de- 
termined by the interfer- 
ometer, with a linear re- 
ceiver, depends, in general, 
upon the length of the re- 
ceiver. If the receiver is 
too long,the value obtained 
for the wave-length will be 
too great. If the receiver 
is too short, the value ob- 
tained will be too small. 

One theory that may be 
offered to explain these re- 
sults is that of multiple re- 
sonance due to Sarasin and 
De la Rive, which as- 
sumes that an oscillator 
gives out waves of séveral 
frequencies and that a res- 
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onator will respond most strongly to those of its own frequency. 
This theory does not appear to me to be admissible in the present 
case, since all experimental evidence goes to show that a /imear 
oscillator has a definite period and frequency for its fundamental 
vibration.' Also if the linear oscillator emitted a radiation that 
was sufficiently complex to account for the curves of Fig. 6, it 
would not be possible to obtain the sharp tuning for the fundamental 
shown in Fig 3. Also such a phenomenon, even if it exists, must 
have a very limited range of frequencies. 

It appears to me that the results may be explained if we assume 
that the receiver, being itself a linear oscillator, radiates energy in 
the form of waves. These secondary waves will, of course, have 
the wave-length of the receiver. They will go from the receiver to 
the grating, where the energy will divide, part of it going through 
the grating to the fixed mirror and part of it being reflected 
from the grating to the movable mirror. These two wave trains 
will be reflected from the mirrors and come together again at the 
receiver, and there will be produced maxima and minima for these 
secondary waves of the same nature as those produced by the 
primary waves coming direct from the sender. Each set of maxima 
and minima will produce its own effect upon the receiver. If the 
secondary waves got back to the receiver before the primary waves 
ceased to excite it, we would have to take into account the differ- 
ence in phase of those two sets of impulses. But since, in these 
experiments, the distance from the receiver to the fixed mirror and 
back again was about 260 cm., the wave-length was about I0 cm., 
and the sender was strongly damped, it is probable that the oscilla- 
tions in the receiver due to the primary waves had entirely died out 
before the secondary wave arrived. Lindman? found for a linear 
oscillator, geometrically similar to mine (25.1 cm. long, and 1.5 
cm. in diameter), a logarithmic decrement of 1.4, which means that 
the waves had fallen to about one sixteenth of their original strength 
in three oscillations. If the effect upon the galvanometer of each 
train of waves could be plotted separately we should have, for each, 

1See Bjerknes, Ann. Phys., 44, 1891, pp. 92-101, and 54, 1895, pp.58-63; Kiebitz, 


/, c.; also Winkelmann’s Handbuch, 2d edition, Bd.V., p. 662. 
? Ann. Phys., 7, 1902, p. 842. 
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a damped harmonic curve. What we actually get is a curve which is 
the sum of two harmonic curves of different frequencies. Both curves 
must have a maximum value for that reading on the slide when the 
mirrors are equidistant from the grating. When the receiver is 
exactly in tune with the sender, the two curves will coincide, and we 
get a harmonic curve for the sum of the two. In the present experi- 
ment when the receiver is 10 cm. long its wave-length is about twice 
that of the sender, and the maxima due to it should occur about 10 
cm. apart, and would therefore coincide with alternate primary 
maxima, This is what is actually shown in curve a of Fig. 5. The 
evident fact that curve a is made up of two harmonic curves having 


maxima 5 and 10 cm. apart, ] ¥ 
respectively, could not be ex- | IA Pi 
plained by the hypothesis of | , a 


multiple resonance. 


That a linear receiver does 
send out waves of its own has | ? KJ \ VY VY | 
ae 2S eee Re 





been proved by Lindman’ in 
his experiments on the sta- 


tionary waves produced by (NIP \ 
° ° | \ 
reflection from a plane mirror. | 3 J \ 


To test the reasonableness 
of my theory, and to see if 
two harmonic curves of such pO ati 
wave-lengths as those of my | 
experiment, when added to- 
gether would give the sort of 
curve that I had obtained, I 
plotted three harmonic curves 
of wave-lengths 8, 7 and 5 
cm., respectively, and then added together the ordinates of the 8 
and 5 cm. curves. I thus obtained a resultant curve which should 
be approximately of the same form as I should expect to get with 
a sender giving out a wave-length of 5 cm., and a receiver giving 
out a wave-length of 8 cm. The same thing was done for the 7 
and 5 cm. curves. .All five curves are shown in Fig. 7. It was 
assumed that the maxima of the two component curves, in each 
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case, coincided at 27.5 cm. It will be seen that curves 4 and 5 of 
Fig. 7 correspond fairly well to curves 4 and 5 of Fig. 6, if allow- 
ance is made for the decrease in amplitude as the slide readings 
increase, and for other disturbing causes which undoubtedly exist. 
Since curves 4 and 5 of Fig. 6 were made with receivers 7 and 6 
cm. long, respectively, I should expect the length of the waves 
given out by these receivers to be about 8 and 7 cm., respectively, 
or of the same magnitude as those of the calculated curves. 

3. The Effect of the Medium Surrounding the Spark Gap. — As 
already stated, I used a hard rubber cylinder to support the oscil- 
lator. Since the inductivity of hard rubber is much greater than 
that of air, and the hard rubber formed a closed circuit for some of 
the lines of electric force, the question arose as to the effect of the 
hard rubber support upon the wave-length. 

To determine this I supported the cylinders as shown in Fig. 8 
by two thin pieces of cork inserted in the ends of a glass tube. In 

bn the figure, 46 are the cylinders; cc, the 
cork, and gg, the glass tube. The glass 
tube was, of course, filled with kerosene 
oil. The tuning curve was then obtained, 
giving the maxima for the fundamental 
and the first overtone. This curve did not 
differ appreciably from that shown in Fig. 
3. We may therefore assume that the hard rubber support has 
no more effect upon the wave-length than that exerted by a support 
made of a piece of thin glass tubing with cork ends. As there is 
no closed circuit through the glass in this case, and it is thin, the 
results show that the effect of the hard rubber can be neglected. 

The effect of the kerosene oil surrounding the spark gap still 
remains undetermined. This can only be found conclusively by 
measuring the wave-length of a linear oscillator, first sparking in 
air and then in oil. Since, however, the inductivity of kerosene oil 
is only a little over 2, the wave-length varies as the square root of 
the inductivity, and the kerosene oil is only present around the middle 
portion of the oscillator, while the potential loops are at its ends, we 
may I think assume that the effect of the kerosene oil upon the 
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wave-length must be small. 
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4. The Influence of the Diameter of the Linear Receiver upon its 
Resonant Length. — The measurements of wave-length described in 
this paper were finally performed with a receiver made of No. 29 
copper wire, but a tuning curve was also obtained, with the 5 cm. 
sender, for a receiver constructed of two brass cylinders having the 
same diameter as those of the sender. The length of this receiver 
was varied by slipping over the cylinders sleeves of brass or tin 
foil. In this way the resonance curve shown in Fig. 9 was ob- 
tained. From the curve, 
we see that the receiver 
was in resonance with the 
fundamental of the sender 
when it was 3.5 cm. long, 
and with the first overtone 
when 12.2 cm. long. We 
must conclude, therefore, 
that if the receiver is made 
of brass cylinders .25 cm. - a sanidnaid: oe 
in diameter, its resonant Fig. 9. 
length will be less than if it 
is made of copperwires .0285 cm. in diameter. 

5. Zhe Resonant Length of a Linear Receiver with a Thermo- 
electric Junction. — The results described above seem to show that 
for a linear thermo-electric receiver the tuned length of the receiver 
will be /ess than one half of the wave-length. This is probably due 
to the constriction at its middle portion through the use of the 
fine wire for the thermo-electric junction. The fine wire will in- 
crease the ohmic resistance of the receiver very considerably. It 
will also increase its inductance, perhaps faster than its capacity de- 
creases. If the ohmic resistance or the impedance of an oscillating 
system is increased, its period will be increased. 

My results are hot in accordance with those obtained by Cole’ 
who used a linear sender of the same dimensions as those of my 5 
cm. sender, and a linear receiver having the same diameter as the 
sender. He found the resonant length to be 6.2 cm., whereas I 
found a value of 3.5 cm., under the same conditions (see Fig. 9). 


17. ¢., p. 269. 


» 
6 


a 


c 
P 


in millimelers 


Salvanomeler defleckons 

















210 JAMES E. IVES. [VoL. XXX, 


He finds the resonant length of the receiver to be considerably 
greater than that of the 5 cm. sender (20 per cent. greater), whereas 
I find it to be considerably less. On the other hand, my results 
agree with those obtained by Blake and Fountain.’ They found for 
a wave-length of 9.9 cm., and a receiver made of two strips of 
copper 2 mm. broad, a resonant length of 4 cm. 

My results as to resonance length and wave-length are also in 
good general agreement with those obtained by Lindman? for his 
oscillators and linear receivers. 

6. The Most Probable Value of the Wave-length of the Linear 
Oscillator. — The experiments described, so far, were all made with 
the 5 cm. sender. As already stated, three senders were used, 5, 
7.5 and 1ocm. long, respectively. The interferometer curve shown 
in Fig. 4 gives a wave-length of 10.2 cm. for the 5 cm. oscillator. 
There is no reason to doubt the accuracy of this value. The 
receiver was placed in the focal line of the large parabolic mirror 
whose focal length was 7.5 cm., and was therefore in the neighbor- 
hood of a loop of electric force if stationary waves were formed in 
front of the mirror. The measurements shown in Figs. 5 and 6 
also point to a wave-length for the 5 cm. sender approximately 
equal to 10.2 cm. My results, however, do not agree with those 
of Cole,® who has obtained a wave-length of 15 cm. for an oscillator 
of the same dimensions. 

The measurement of the wave-length of the 10 cm. oscillator 
presented the same difficulties as that of the 5 cm. oscillator, the 
apparent wave-length depending upon the length of the receiver. 
In this case, also, for some unknown reason, it was more difficult 
to get a definite value for the resonant length of the receiver. 
Thinking that the parabolic mirrors might, in some way, influence 
the resonance curve, they were removed and both the resonant 
length, and the wave-length, determined without them. Seven 
values for the resonant length were obtained in this way, namely, 
9.8, 10.6, 9.7, 9.1, 9.4, 9.4 and 10.2 cm. The fourth, fifth and 
sixth of these values I consider to be the most reliable. The 


12, ¢., pp. 258, 261. 


27. ¢., p. 833. 
5Puys. REV., 23, 1906, p. 243. 
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mean of these three values gives 9.3 cm. for the resonant length. 
Using a receiver of this length I obtained two interference curves 
which gave a mean value for the wave-length of 20.8 cm. One of 
these is curve 4 of Fig. 10. When the mirrors were not used, a 


cylindrical lens of kerosene, | T ) 
in a glass bottle 12.7 cm. in in | | | 
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diameter, was placed in front ia 
of the sender to concen- 
trate the energy upon the 
receiver. Interferometer LeW.bem) Anizem| = wilh |rrurrors. 
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measurements made both Y 


with and without the mirrors 
seemed to show that the pres- 
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about 2 per cent. 

As it was found that the apparent wave-length depended upon 
the length of the receiver, and as it-was believed that this was due, 
as explained above, to secondary radiation from the receiver itself, 
I sought, when measuring the wave-length of the 10 cm. oscillator, 
to construct a receiver which would not itself radiate waves, by 
making it of a closed loop of No. 29 wire. One of these loops is 
shown in Fig. 11. In the figure, adcd is the rectangular loop of No. 
29 wire, and ¢is the thermo-electric junction. These loops con- 
sisted of from 1 to 10 turns, were of dimensions varying from 4 cm. 
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in width and 5 cm. in length to 
I cm. in width and II cm. in 
length, and were placed either 
horizontally or vertically, usu- 
ally horizontally. 

In all cases it was found that 
the apparent wave-length as 
measured with these loops de- 
pended upon their dimensions, 
and particularly upon their 
length, that is, upon that dimen- 
sion which was parallel to the 
electric force. 

The interference curves ob- 
tained when the loops were 
used in the focus of the para- 
bolic mirror are shown in Fig. 
12. Unless otherwise stated 
the loop consisted of a single 
turn, and was placed in a hori- 
zontal plane. The dimensions 
of the loop are given for each 
curve. II xX I means that the 
loop was II cm. long and I cm. 
wide. For instance curve 3 
was obtained with a loop 9 cm. 
long and 1 cm. wide, which is 
the loop shown in Fig. 11. 
The remarkable distortion of 
these curves led me to obtain 
curves for the same loops with- 
The results 
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are shown in Fig. 13. The distortion has disappeared, but the 
effect of the dimensions of the loop still remains. The distortion 
of the curves of Fig. 12 must therefore be due in some way to the 





presence of one or both 








of the parabolic mirrors, ae ccemeg ee ra - 

probably to that of the = a 

receiving mirror. | ‘ 4204 
If my theory as to the 2 ae ee See: 


6x2 
| 


ET te ne 4 wr 


- 7x3 
a aN ali ere Rin i.0 
— — —_ = + 4 


— — 


length of the sender is 6x3, 6 lume 


<< he . 
correct,these curves show panes sililiinn mactlltes cal 4-10 | 


that a closed loop, under | gr Jlarns 
Pes, : A= 10 


cause of the influence of 





the length of the receiver 
upon the apparent wave- 


Galvanomeler deflections. 











proper conditions, is a 


es er 40 
good radiator of electric Readings on slide in centimelers. 
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waves. This is opposed 
to the view put forward 
by Fleming' in his theory of the closed circuit oscillator, for 
he says in his paper entitled “On the Elementary Theory of 
Electric Oscillators,” that “the closed circuit is an exceedingly 
poor radiator compared with the open oscillator.” It is, however, 
I think, evident that if the length of the loop receiver is great with 
respect to its breadth, if the electric force is parallel to its length, 
and if its own natural period does not differ greatly from that of 
the sender, it will be set into electric oscillation with loops of elec- 
tric force at its ends, and nodes at its two middle points as shown 
by the dotted lines in Fig. 10. Each half of the loop will then 
radiate waves as though the other half did not exist. If the loop 
is long and narrow the two waves will be practically in the same 
phase, and will reinforce each other. This is the same thing as the 
loop antenna, which is now sometimes used in wireless telegraphy, 
taken together with its image in the earth. It is to be observed 
that the amount of energy that will be radiated from a closed circuit 
will depend upon the manner in which the circuit is constructed, 
and upon-the way in which it is excited. Fleming in his original 


1 Electrician, 59, 1907, pp. 978, 979. 
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derivation of the theory of the closed oscillator assumes that it is 
rectangular and made up of four Hertz oscillators. In this case 
there will be four loops of electric force in the circuit. But this is 
only a special case of a closed circuit. A closed circuit can be 
constructed in an infinite number of ways. It can, for instance, be 
built up of ¢wo Hertz oscillators, or it can contain a condenser. 
The last case has been experimented upon by Fleming,’ and he 
finds that the radiation is extremely small. The first case is the 
one occurring in my experiment, and in this case there is undoubt- 
edly a large radiation. Again, the manner in which any circuit 
will vibrate will depend upon the manner in which it is excited. 
For instance, a sguare rectangular circuit if excited by waves whose 
electric field is parallel to one of its sides, will under proper con- 
ditions vibrate so that there will be only two loops of electric force 
present in the circuit. In this case it will radiate much energy. 
A nearly closed circuit is yet another type. It has been found by 
Lindman? and others to radiate very little energy. In this type 
there are still free ends, but they are bent together so that they 
nearly touch each other. 

An attempt was made to determine the wave-length of the 7.5 
cm. oscillator, but for some unknown reason it was found to be 
very difficult to determine what was the proper resonant length of 
the receiver. Several sets of resonance readings were taken both 
with and without the parabolic mirrors, but no definite value was 
obtained. The wave-length of the 7.5 cm. oscillator was conse- 
quently not determined. 

SUMMARY. 

1. By shortening the length of a linear receiver a few millimeters 
at a time harmonic overtones are made apparent. The overtones 
of the highest order can be used to determine the wave-length of 
the sender. 

2. The interferometer method can only be used with a linear 
receiver, which is not dead-beat, when it is closely tuned to the 
sender. 

3. A hard rubber cylinder supporting a linear oscillator at its 
middle portion does not appreciably affect its wave-length. 

1Phil. Mag., 14, 1907, pp. 677-697. 


3 Loc. ett. 

















No. 2.] LINEAR OSCILLATORS. 215 


4. If the diameter of a linear receiver is considerably increased its 
length must be decreased in order that it may remain in tune with 
the sender. 

5. The resonant length of a linear thermo-electric receiver is less 
than that of the oscillator if the oscillator is linear. 

6. The wave-length of a linear oscillator 5 cm. long and .25 cm. 
in diameter, sparking in kerosene oil, and supported by a hard 
rubber cylinder was found to be 10.2 cm.; that of an oscillator 10 
cm. long and of the same diameter, under the same conditions, 
20.8 cm. These results agree with Abraham’s theory rather than 
with Macdonald’s. 

7. Under proper conditions a closed circuit may radiate as much 
energy as an open circuit of the same linear dimensions. This is 
opposed to the general proposition made by Fleming. 

In conclusion I wish to express my indebtedness to Mr. W. W. 
Coblentz, of the Bureau of Standards in Washington, for his kind 
advice in the construction of my galvanometer; and to acknowl- 
edge the aid received from apparatus and supplies purchased out of 
a grant from the Bache Fund of the National Academy of Sciences. 


UNIVERSITY OF CINCINNATI, 
June, 1909. 
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THE EXPANSION OF FUSED QUARTZ AT HIGH 
TEMPERATURES. 


By H. M. RANDALL. 


many lines of scientific work and, as its low rate of expan- 
sion is the property, in many cases, which especially recommends 


S agpe wb glass is being used at a rapidly increasing rate in 


its use, an exact knowledge of its coefficient of expansion is highly 
to be desired. Scheel’ and Chappuis? have determined the 
expansion of fused quartz from 0° to 100° C. While Scheel and 
Dorsey * have extended the investigation in the direction of low 
temperatures to approximately that of liquid air. In the region of 
high temperatures the results of Le Chatelier * and Callendar ° cannot 
be considered very accurate, This is especially true in regard to 
the result of Le Chatelier. Holborn and Henning,’ using the 
method developed by Holborn and Day’ in their work on the high 
temperature gas thermometer, have made what appears to be as 
careful a study of the expansion of fused quartz as that method will 
permit. 

In 1906 H. D. Minchin,* working in this laboratory, obtained 
and published a value for the mean coefficient of expansion of fused 
quartz between room temperatures and 1000° C. Certain errors 
have since been found in his work and as the methods now available 
insure more accurate results than those employed by him it has 
seemed advisable to repeat the entire work, using the same speci- 
men of fused quartz. 

The general method is that employed by Minchin and first de- 

1 Scheel, Wiss. Abhand. d. Phys.-Tech. Reich., Band 1V., s. 54, 1904. 
? Chappuis, Verh. Naturf. ges. Basel., 16, s. 173, 1903. 

3 Dorsey, Puys. REV., p. ror, Aug., 1907. 

4 Le Chatelier, Comp. Rend., 130, p. 1703, 1900. 

5 Callendar, Chemical News, 83, p. 151, Igo!. 

® Holborn and Henning, Ann. der Phys., p. 446, 1903. 


7 Holborn and Day, Ann. der Phys., p. 505, 1900. 
§ Minchin, Puys. REV., p. 1, Jan., 1906. 
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veloped by Fizeau' in which the expansion of quite small objects 
can be accurately measured by the shift of a set of interference 
fringes. This method has been very frequently used, generally for 
but moderate ranges of temperature, but work in this laboratory has 
shown that it is equally applicable to ranges of 500° or 1000° C. 
In the work on fused quartz at low temperatures by Scheel, Chap- 
puis and Dorsey this method was adopted. The general nature of 
the interference system employed in this method has been so fre- 
quently described? that the briefest description of the particular 
system here used will be quite ample. Upon a bed plate of fused 
quartz, 34 mm. in diameter and 15 mm. thick, with the upper sur- 
face plane polished and the lower ground rough, there is placed a 
fused quartz ring, 9.901 mm. long and 25 mm. internal and 30 mm. 
external diameter. Upon the ring rests a second fused quartz plate, 
the cover plate, 1 cm. thick and 34 mm. in diameter with both faces 
plane polished and inclined to one another at an angle of about 1’, 
At the center of the under surface of the cover plate is cut a fine 
circle 2mm. in diameter to act as a fixed reference point. The ring, 
which is the piece of quartz whose coefficient of expansion is to be 
determined, was cut from a plate of quartz whose surfaces were ac- 
curately plane polished and slightly inclined to one another. Each 
end of this ring is so ground away as to leave three equidistant feet, 
the surfaces of these feet being thus parts of the original plane sur- 
faces of the plate from which the ring was cut. The inclination of 
these surfaces was such that, with this ring mounted between the 
cover and bed plates, and with the proper illumination, there is pro- 
duced a set of interference fringes due to the combination of the 
light reflected from the upper surface of the bed plate and the lower 
surface of the cover plate. All three pieces of this interference system 
are beautiful specimens of Herzeus fused quartz, very clear and quite 
free from bubbles ; they were obtained through the agency of Carl 
Zeiss, Jena. 

The coefficient of expansion of the ring is expressed by the 


relation 

1 Fizeau, Ann. de Chem, et de Phys., 2, p. 143, 1864; 8, p. 335, 1866. 

2Pulfrich, Zeitschr. fiir Krystall., 31, p. 372, 1899. Randall, Puys. Rev., p. 10. 
Jan., 1905. Ayres, Puys. Rev., p. 38. Jan., tg05, Scheel, Ann. der Phys., p. 837, 
1902. Dorsey, PHys, Rev., Aug., 1907. 
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where / is the number of the bands of the interference system pass- 
ing the reference circle on the cover plate during the temperature 
interval (¢,—7,), 4 the wave-length of the light used and Z the 
length of the ring. As the value of A, .54623 » for the Hg green, 
has been determined with great accuracy by Fabry and Perot and Z 
is easily measured to approximately .oo1 mm. by a Geneva society 
spherometer reading directly to .oo1 mm., it becomes evident that 
the exact determination of f and (¢,—7,) present the chief experi- 
mental difficulties. With a Pulfrich interferometer’ the proper 
illumination of the quartz interference system by a mercury vapor 
lamp is readily obtained and the measurement of the shift of the 
interference fringes easily possible to 0.02 of a band width, corre- 
sponding to a separation of the cover and bed plates of 0.01 of a 
wave-length. 

With this instrument available the problem is largely reduced to 
the designing of an oven which will uniformly heat the entire quartz 
system for any length of time at any temperature under such con- 
ditions that the system and the thermo-couple used to measure the 
temperature be at the same temperature. Also the oven must per- 
mit the quartz system to be so mounted that no part of the shift of 
the interference fringes measured by the interferometer be due to 
other cause than the expansion of the ring separating the reflecting 
surfaces of the cover and bed plates. With these aims in view the 
oven and high temperature regulator to be described in the following 
pages have been constructed. 


THe HicH TEMPERATURE OVEN. 


The quartz system, shown in Fig. 1, at A, has been mounted 
upon an earthenware platform securely adjusted to the upper end of 
a vertical tube of Berlin porcelain B, 100 cm. long and 2 cm. in 
diameter. With this length of tube enough projects from the oven 
to permit clamping the tube very rigidly by wooden blocks w, and 


1 Pulfrich, Zeitschrift fiir Instrumentenkunde, 1893, p. 365 ; 1898, p. 261; Randall, 
Puys. REV., p. 10, 1905. 
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bolts, not shown in Fig. 1, to a well dried pine plank, 2 by 10 
inches, which in turn is very 
firmly clamped to a stone pier. 
Throughout the length of this 
porcelain tube runs an exhaust 
tube , 3 mm. in bore, the pur- 





pose of which is to connect the 
interior of the oven with the air 





pump. The upper end of this 
tube is of fused quartz and is 
’ surrounded by asbestos wool to 
prevent direct radiation to the 
lower end of tube B. Holes not 
shown in the figure are bored 
through the earthenware plat- 
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form in such a way as to connect SS NSS SSS 
freely the end of the exhaust us SN 
tube with the interior of the 
oven. The lower end of the ex- Cm 
haust tube is of glass and passes 
through a rubber stopper fitting S 
tightly into the end of the porce- 
lain tube, bends upward and is 
sealed to the tube coming from a 
Geryk oil pump; a McLeod 
gauge is also connected to this 
same pump tube. [This latter Bm 
tube is so long and slender that 
no vibrations are communicated 
to the oven from the pump, 
which is motor driven.] The Ss 
rubber joint at the end of the 
porcelain tube is made air tight 
by being immersed in a mercury 
bath. 

Over this tube B is slipped 
the larger porcelain tube C, 6 
cm. in external diameter and 5 
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cm. internal. Its length, 70 cm., is again sufficient for a very rigid 
clamping of the lower end, which remains cool, to the pine plank. 
When adjusted and clamped this tube is without points of contact 
with tube B except at the rubber stopper D. The heating coil, 
consisting of heavy platinum ribbon, 
is not wound directly on the outside 
of this larger tube C but upon eight 
porcelain rods, .5 cm. in diameter 
and 20 cm. long, mounted sym- 
metrically around the tube at a dis- 
tance of 1.5 cm. from it. This 
method of mounting is better shown 
in Fig. 2 where the rods are shown 
at £ and the ribbon at /, Fig. 2 
being a horizontal cross-section of 
the oven through its center, the 
outer insulation being omitted. The ribbon is also shown in Fig. 
1 by the heavy dots. Around the outside of these rods is wound 
sheet asbestos, the outer layers being soaked with sodium silicate ; 
a firm cylindrical casing is thus formed arourtd the heating coil but 
not touching it except at the contact with the rods. An outer cas- 
ing H, Fig. 1, of sheet iron, at a uniform distance of 5 cm. from 
the inner one encloses a space which is filled with infusorial earth 
as an insulating material. The upper end of tube C is provided 





with a water cooling jacket /. 

To prevent direct radiation from the quartz system, mounted at 
the center of the heating chamber, to the colder parts of the tube 
C, porcelain diaphragms / are mounted upon the tube B below the 
systems ; these just escape contact with the tube C. Above, an 
observational porcelain tube X is fitted at its lower end with two 
similar diaphragms and above these the space between tubes X and 
C is filled with asbestos wool. There is a mica disk mounted in K 
at about the level of the top of the heating coil and the entire upper 
end of Cis closed with a circular plate glass disk. To render the 
joints at the ends of the tubes air tight they are painted with alter- 
nate layers of Le Page glue and beeswax. The hot wax being 
applied when the outer surface of the glue has just ceased being 
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sticky. With the occasional addition of a coat of glue and wax this 
has been very effective, and vacua of a pressure, on the average, of 
.O5 mm. have been maintained. 


TEMPERATURE REGULATION. 


Automatic devices are now almost universally used to maintain 
at constant temperatures baths whose temperatures do not differ 
much from room temperatures. For high temperatures, constancy 
of current or hand regulation has generally sufficed. In this work, 
as the voltage of the power circuit from which the heating current 
was drawn fluctuated considerably, the first method was impossible 
and the second so tedious that some automatic regulator seemed 
necessary. Any self-registering temperature devise could be readily 
converted into an automatic temperature regulator. An arrange- 
ment due to Darwin' for use at ordinary temperature would be 
equally effective at high temperatures. The regulator used in this 
work has already been briefly described.” Its principal recommen- 
dation is its simplicity though it possesses other points of some 
merit. In Fig. 2 the heating coil / is shown suspended in air and 
any change in the current through it will very quickly make itself felt 
in the 1.5 cm. air layer surrounding the tube C, z. ¢., the tube to be 
heated is surrounded by a bath of very small thermal capacity, as 
but a thin outer layer of the tube can follow the temperature changes, 
its thermal conductivity being poor. The scheme of the regulation 
consists in keeping the temperature of this air bath fluctuating about 
some definite temperature so rapidly that no changes are trans- 
mitted through the thick-walled tube C. To detect the changes 
in the temperature of the air bath a fine platinum wire /, Fig. 1 
(not shown in Fig. 2), is wound non-inductively on the outside of 
tube C, and forms one arm of a Wheatstone bridge. The bridge 
having been adjusted for equilibrium for a given resistance of the 
coil f, the galvanometer in the bridge circuit stands at its zero 
position when the temperature of the oven is such as to give the 
coil / this resistance and any variation in temperature of the air bath 
surrounding the tube C will be indicated by the movement from its. 


1 Astrophys. Jour., 20, p. 347, 1904. 
*Puys. REV., p. 142, Feb., 1909. 
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position of rest of a light aluminum boom S, Fig. 3, with which 
the galvanometer coil is provided. This boom moves between two 
spring jaws 7, 10 cm. long and 1 cm. wide, which open and close 
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regularly ; this motion being caused by the slow rotation of the 
drum V, driven by a motor at low speed, a reducing gear being 
employed. This drum is provided with small elevations 7, which 
cause the periodic separation of the jaws. In Fig. 3 the upper 
figure shows the jaws closed and the lower the 
same jaws opened by the elevations Z. The ends 
of the jaws are furnished with platinum contact 
Fig. 4. strips mounted in hard rubber blocks, the lower 

jaw having a single strip whose length is the en- 

tire width of the jaw and the upper jaw two strips, in line with one 
another, separated by a small space. A side view of this arrange- 
ment is shown in Fig. 3, and an end view in Fig. 4. Lead wires sol- 
dered to each of these strips connect with a cell and a modified re- 
lay. If, for example, with the cooling of the oven, the boom S moves 
to the left of its position of equilibrium at the center of the jaws, as 





shown in Fig. 4, the relay operates to short circuit part of the resist- 
ance inthe heating circuit, aud this resistance remains cut out, though 
the jaws may open and close any number of times, until the larger 
current heats the air bath above the desired temperature and the boom 
moves to the right side of the center when the relay throws the 
resistance into circuit again. Thus, though, with the motor speed 
usually adopted, the jaws open and close regularly every ten seconds, 
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the relay so works that the regulating resistance in the heating coil is 
thrown out or in only with the movement of the boom from one 
side of the zero position to the other. This method of regulating 
has maintained the temperature of the interior of the oven when the 
quartz is mounted constant for periods as long as eight hours and 
at temperatures lying between room temperature and 1000° C. ; 
no changes occurring which a Pt, Pt-Rh couple connected toa 
potentiometer of the Lindeck and Rothe type would detect. 

Some points in favor of this regulator may be enumerated : 
(1) It is mechanically very simple. (2) Contact with the moving 
boom is very sure, the pressure of the jaws on the boom being gov- 
erned by the stiffness of the springs. (3) When the jaws close upon 
the boom it is neither lifted nor lowered, drawn in or out, 2. ¢., it 
suffers no displacement with accompanying strain upon the suspen- 
sions and therefore much lighter suspensions can be used than where 
the boom is depressed to make contact. There is thus a gain in 
sensitiveness. (4) No great care has to be exercised in determining 
the size of the heating and cooling currents. Asa matter of fact 
the heating current has usually been about double the cooling cur- 
rent. The ratio of the heating effects, 4 to 1, is sufficiently large 
to take care of any change in room temperature or any change in 
heat absorption of the insulation as equilibrium is established. This 
advantage is due more properly to the small heat capacity of the air 
layer surrounding the tube C, within which the temperature is to be 
maintained constant and to the non-conducting nature of the walls 
of the tube, as wide variations in the temperature outside the latter, 
if sufficiently frequent, produced no variation within. (5) The 
scheme is quite pliable. A thermo-junction with the galvanometer 
in circuit may be used in place of the platinum coil, its voltage being 
balanced against the fall of potential due to a constant current over 
a fixed resistance, or a couple in a vapor bath balanced against the 
couple in the oven, the galvanometer of the regulating device being 
in circuit. 

To work satisfactorily the galvanometer must maintain a fixed 
zero. The lack of strain upon the suspensions when contact is 
made with the boom is a great aid to this. Asa further protection 
against shift the supports of the suspensions are borne by two 
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phosphor bronze rods ; thus no strain is put on the suspensions with 
change in room temperature. 


TEMPERATURE MEASUREMENTS. 

A platinum, platinum-rhodium couple was used to measure the 
temperature. This couple, made of Herzus wire, was provided 
with a Reichsanstalt certificate. It was mounted so as to encircle 
the quartz ring at its mid-height, the couple being about 2 mm. 
from the ring. This method of mounting is shown in Fig. 2, where 
L is the bead of the couple and m the cross-section of the quartz 
ring, while the circle ” represents the outer edge of the circular 
quartz bed plate upon which the ring rests. The cover plate, not 
shown, which is mounted on top of the ring, extends beyond the 
ring in a similar way so that the couple encircling the ring is mid- 
way between the two plates. The couple, bending downward over 
the edge of the bed plate, on the opposite side of the ring from the 
bead, runs down the tube &, and the wires pass through the rubber 
stopper D at points about I cm. apart. Asthe Le Page’s glue used 
at this point was found to be somewhat conducting, beeswax alone 
was used around the wires. Careful testing showed that the wires 
were insulated from each other at this place. The ends of the 
couple, soldered to copper leads, were immersed in a suitable ice 
bath and the voltage measured by means of a Siemens and Halske 
potentiometer after the design of Lindeck and Rothe.' 

The method suffices for temperatures above 300° C., but for 
lower temperatures is not sufficiently accurate. To determine the 
initial temperature, which results from allowing the oven to stand 
over night, the cold junctions of the couple are placed in an oil bath 
at or very near the temperature of the oven; a galvanometer in 
the circuit gives deflections very approximately proportional to the 
difference in temperature between the oven and oil bath whose tem- 
perature is determined by a mercury thermometer. The deflection 
denoting this temperature difference is but a few mm. at the most. 
The cold junctions are then placed in another oil bath whose tem- 
perature is a degree or so different from the first one and the galva- 
nometer deflection noted. The oven being at a very constant tem- 


1 Zeitschr. fiir Instr., 20, p. 285, 1900. 
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perature the data thus obtained are sufficient to determine the 
temperature of the oven with an accuracy considerably beyond that 
required, as the D’Arsonval galvanometer used gave a deflection of 
30 mm. per degree. 

To determine the temperature of the oven in the neighborhood of 
80° C., the oven was maintained at a constant temperature for about 
two hours by means of the regulator just described and then the 
cold junctions, in a tube filled with oil, were placed in a water bath 
whose temperature was adjusted to very nearly equal that of the 
oven, this temperature being maintained by the usual mercury 
thermostat and stirrer. When a condition of constancy had been 
attained the deflection of the galvanometer, a few mm., divided by 
the deflection per degree, gave the difference in temperature of the 
oven and water bath; this latter being again determined by a cali- 
brated thermometer in the same oil tube as the cold junctions. 

For temperatures near 200° C., naphthalin was boiled in a closed 
tube, the pressure within which could be varied at will. The cold 
junctions, fastened to the bulb of a standard mercury thermometer, 
were mounted in a thin glass tube extending into this vapor bath. 
After the oven had been kept at a constant temperature for a suffi- 
cient time the pressure on the boiling naphthalin was varied till the 
galvanometer in circuit showed no deflection or but a few mm. 
The deflection translated into degrees gave the difference in tem- 
perature between the oven andthe vapor bath. This latter as before 
was given by the standard thermometer, the stem of which was com- 
pletely immersed in the vapor. For temperatures in the neighbor- 
hood of 400° a sulphur vapor bath under variable pressures was used 
in place of the naphthalin bath. The standard thermometer used 
in the vapor baths read to 550° in degrees and was calibrated at the 
Reichsanstalt in 1897 and at the Bureau of Standards in 1g06, the 
thermometer not having been used since the latter calibration. 

It has been shown’ that couples used above 1000° C. very readily 
become contaminated under certain conditions with resulting change 
in their calibration. The couple employed has been heated only a 
few times above 1000° and then in an electrically heated furnace 

1Puys. Rev., XXIII., p. 449, 1906. Am. Jour. Sci., Vol. XXVI., p. 405, 1908. 
Ann. der Phys., p. 538, 1g00. 
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with no known source of contamination present. While there was 
good reason to think therefore that the original Reichsanstalt calibra- 
tion still held yet as White has shown that the iridium contained as 
an impurity in the platinum coils of the furnace is sometimes suffi- 
cient to cause an appreciable contamination, certain tests were made 
with the couple still undisturbed in its original mounting immediately 
at the close of the expansion measurements. These tests involved 
a direct comparison of the couple with a standand couple of the Depart- 
ment of Chemistry kindly loaned by Professor Campbell, a determi- 
nation of the melting point of gold by the wire method, the pure gold 
wire having been made for the Department of Chemistry by Prof. 
G. A. Hulett, and finally a comparison with the high temperature 
mercury standard, making use of the sulphur vapor bath previously 
described. The temperatures determined by the three methods dit- 
fered but little from those registered by the couple employed and as 
these differences were both positive and negative there seemed every 
reason for considering the original calibration still correct. It was 
accordingly used. 

The potentiometer was itself tested for any changes resulting 
from aging or usage but none were found. If it be assumed then 
that the measurements made upon the couple correctly determine 
its temperature, there still remains the question as to whether the 
quartz ring is of the same temperature as the encircling couple. 
Their nearness together would favor such an equality of tempera- 
ture, and, moreover, the design of the oven is such that, when a 
state of equilibrium has been attained after an hour’s maintenance 
at a constant temperature, the inner chamber containing the quartz 
system must approximate rather closely a black body chamber. 


MEASUREMENT OF EXPANSION. 


As_ has been said earlier, the shift of the fringe system can be 
measured, with the aid of the Pulfrich interferometer, with an 
accuracy to .02 of a band width, corresponding to an expansion of 
the ring of .o1 of the wave-length of the light used. It is essential 
to ascertain if any of this fringe displacement is due to any other 
cause than the expansion ofthe ring. With crystalline or fused quartz 
rings, one would have the right to expect that the forward shift of the 
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fringes resulting from a rise in temperature would be exactly 
equalled by the return shift when the system cools to the initial 
temperature, as quartz shows practically no “ after-effect.”” Scheel’ 
has found that the two shifts are frequently not the same and has 
overcome the difficulty by weighting the cover plate by a heavy 
ring, having attributed the slight irregularity which occasionally 
occurs in the shifts to the presence of an air film remaining between 
the points of contact. Moreover it has been the general experience 
of those who have worked with these interference systems at high 
temperatures that, when first put together with all surfaces carefully 
cleaned, they slide easily upon each other while, after a heating to 
a high temperature, the surfaces cling and grate as they are made 
to slide upon one another ; the clinging sometimes being so marked 
that it is possible to lift the entire interference system by the cover 
plate alone. If clinging air films are largely responsible for these 
effects then the mounting of the quartz system in a high vacuum 
accompanied by heating to a high temperature should largely 
remove all such irregularities of shift as have been observed. This 
treatment will also obviate making a correction to the observed 
shift of fringes resulting from a change in the index of refraction of 
air with change in temperature and pressure. This is an important 
consideration in the present instance, as the correction would be of 
the same order of magnitude as the shift due to expansion. This 
is due to the extreme smallness of the expansion of the fused quartz 
and the thickness of the air layer, between the reflecting surfaces. 
The effectiveness of thus working in a vacuum is clearly shown by 
the data collected in Table I., where the forward shift of fringes on 
heating as shown in the second column is practically equalled by the 
return shift on cooling as shown by column three. The difference 
between these two shifts, contained in the fourth column, is in only 
one instance larger than what was to be expected from the accuracy 
with which the shift could be measured, 7. ¢., .o2 of a band width. 
While in each case the shift between room temperature and the 
upper temperature was the one observed it was corrected to cor- 
respond to the shift between an initial temperature of 16° C., and 
the upper temperature, use being made of the value found by 


1 Wiss. Abhand. der Phys.-Tech. Reich., Band IV., Heft 1, 1904, s. 41. 
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Scheel for the coefficient of expansion of fused quartz between 16° 
C. and 100°C. Twenty-four hours were generally required by 
the oven to cool to room temperature after a heating, and during 
this time things occasionally happened to the oven which made a 
determination of the return shift of questionable value, and in such 
cases no attempt was made to determine it; if, for example, it was 
found that the oven had lost its vacuum appreciably on standing it 
was necessary to apply a coating of wax and glue before pumping 
out. It was not thought advisable to connect the readings on the 
fringe system made after such an operation with those made before 
it. This and similar causes resulted in cutting down the observa- 
tions on the return shift to about half those made upon heating. 
When, however, there was no known disturbance of the oven during 
cooling a determination of the return shift was always made and all 
such values are found in Table I. 


TABLE I. 
Initial and Final Temperature 16° C. 











Upper Temperature. Shift on Heating. ~~. on Difference 

81° 1.002 1.010 — .008 
300 5.602 5.627 — .025 
304 5.659 5.658 + 001 
425 8.385 8.410 — .025 
467 9.416 9.442 — .026 
533 10.699 10.694 + .005 
539 10.668 10.731 — .063 
702 13.978 13.973 + .005 


The shifts between room temperature and 16° are computed by means of Scheel’s 
values, and are combined with the observed shifts to give the shifts of the above table. 


While the close agreement between the forward and backward 
shifts may be fairly taken to indicate that small erratic changes in 
the fringe shift have been avoided there still remains a possible 
source of error in the tilting of the interference system arising from 
unequal expansions in its supports. When only moderate tempera- 
ture ranges are employed this is not a serious matter but with the 
large ranges here used the unequal expansions of the different parts 
of thie system supporting the quartz interference system may be so 
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great that the light reflected from the interference surfaces no longer 
returns to the interferometer; and a readjustment of the interferom- 
eter by means of its leveling screws becomes necessary. It has 
been noticed however that tilting the interferometer when the inter- 
fering surfaces are a cm. or so apart produces a slight shift of the 
fringe system with respect to the reference circle; the same shift 
being observed also when the interference system is tilted and the 
interferometer is stationary. The tilting, to produce measurable 
effects, has to be such that the brilliancy of the fringe system changes 
appreciably. By mounting the interference system on top of a 
single porcelain tube, z. ¢., tube 4, this source of error seems to 
have been avoided, as the fringe system maintained a very constant 
brilliancy and no adjustment of the interferometer was ever neces- 
sary, except in the neighborhood of 1100° C., which latter fact will 
be considered more fully later. 


METHOD OF PROCEDURE. 


The entire apparatus having been put in adjustment the oven was 
evacuated and the temperature raised to 700° C. approximately. 
Having been maintained at this temperature an hour or so, the 
pump working during a larger part of the time, the oven was allowed 
to cool over night and the work taken up the following day when 
it had cooled to room temperature, as at this time the pressure in 
the oven was apt to be a few centimeters due to a slight leakage, the 
pump was run till the pressure was reduced to about .o5 mm. and 
it was maintained at this value during the subsequent measure- 
ments. The temperature of the oven was determined, by the 
methods already described, both before and after the positions of 
the bands of the fringe system with respect to the reference circle 
were measured by means of the micrometer eye-piece of the inter- 
ferometer. The initial temperature and fringe position having been 
determined the pump is stopped and the heating current applied. 
As the temperature rises the passages of the bands of the fringe 
system past the reference circle are counted and their times of 
passage recorded. These periods are so regular that there is prac- 
tically no opportunity for error in the count. When the desired 
temperature, as shown by the thermo-couple, has been attained, the 
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Wheatstone bridge in the automatic temperature regulating devise 
is balanced and the oven maintained at a constant temperature for 
an hour or so. When trials, separated by suitable time intervals, 
show that the fringe system has also become stationary, the pump 
is set in action and the pressure reduced to its initial value in case 
there has been a slight leakage. Temperature measurements and 
readings upon the fringe system are again made. By combining 
the results of the initial and final readings on the fringe system with 
the number of bands counted as passing the reference circle, the 
shift may be measured with an accuracy of .02 of a band width as 
before mentioned. When time permitted the temperature of the 
oven was increased by several successive steps of about 100° C. 
each, the foregoing operations being repeated in each case. 


THE ReEsutts OBTAINED. 


In all, thirty-six separate determinations of the coefficient of expan- 
sion of the fused quartz were obtained. In Table II. the entire num- 
ber of determinations will be found, arranged according to increasing 
temperatures, the values of a are the mean coefficients of expansion 
between 16° C. and the upper temperature opposite which they 
stand in the table. These values have been multiplied by 10°. 
These same results are shown graphically in Fig. 5, where the 
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abscissz are the upper temperatures and the ordinates the values 
of a x 10%. Circles crossed by bars indicate two identical values. 
Very few values lie off a regular curve by amounts larger than 
































No. 2.] EXPANSION OF FUSED QUARTZ, 23! 





were to be expected from the accuracy with which the measure- 
ments of temperature and fringe shift could be made; most of the 
values lie well within the limits set by these measurements. 
Considering the small value of the coefficient, it increases rapidly 
with rise in temperature, up to about 350° C. From this point the 
increase is slower to a rather well defined maximum value of 
56.8 x 107° in the neighborhood of 500°; the values then decrease 


TaB_eE II. 


Initial Temperature in Each Case 16° C. 








Higher Higher 
Teakper- a xX 10-* Date. | Temper- aX 107° Date. 
ature. | ature, 





2 i ore Sn es Re 
78.93° 42.78 January 16, 1909 487.0° 56.87 January 28, 1909 





81.4 | 42.10 pitas. dyn 533.0 | 57.11 .* £9 
81.66 | 42.42 . 533.0 | 57.09 “ g « 
209.9 51.62 “m4 538.5 56.31 | Sept. 19, 1908 
229.4 53.17 “ 4 « 538.5 56.64 “ 20, « 
“cc sé 
300.0 54.45 | Sept. 16,1908 Suro 0-88 » ae 
300.0 54.64 “« 1 « ; | , 
303.7 54.25 “4g 618.3 | 56.70 | « 18, « 
303.7 54.25 “19, « 618.8 56.22 | * -. 
362.0 55.61 | January 16, 1909 om reaped | or Ss _— 
365.8 | 56.13 “m4, & | oo | % 
708.4 56.11 | Sept. 21, 1908 
425.3 56.53 Sept. 16,1908 708.9 | 56.38 « 1g, « 
pe Be Nae ue |, 8026 | $4.91 | Feb, 4, 1909 
434.0 a7 | jae | |e ee 
435.0 56.79 « 30, “* 939.0 53.74 Feb. 4, 1909 
476.5 56.51 “ ~~ 1100.0 58.5 | “ 4, “ 
476.5 56.96 | “ 12, « | 


to a minimum of 53.6 x 10~* at 950°, this low value being followed 
by a marked increase to 58.10~*° at 1100° C. It is quite unfortu- 
nate that more determinations could not be made in this neighbor- 
hood. The phenomena attending the determination at 939° were 
normal in all respects, and from this temperature a regular heating 
to 1100° produced a very regular shift of fringes which was counted 
and timed with extreme care. The temperature was then main- 
tained constant and the customary drawing made of the fringe 
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system with respect to the reference circle, when the shift had prac- 
tically stopped. As has been previously mentioned it was cus- 
tomary to hold the temperature constant for from one to two 
hours till all change in length of the quartz had ceased. As time 
passed in this case the fringe gradually faded out and within half 
an hour had disappeared. There was therefore no opportunity to 
take readings upon the fringe system with the micrometer but the 
drawing just mentioned showed that the line of the system nearest 
the reference circle, whose position is determined by the microm- 
eter readings, was very accurately tangent to the circle. As it 
happened several preceding determinations had just this position of 
the fringe system, and in assuming that the values there obtained 
would apply in this case an error larger than one tenth of a band 
width would be quite impossible. As the total shift from 16° to 
1100° is 22.9 bands the value of the coefficient obtained may claim 
a considerable degree of accuracy. It should be regarded as a 
small value if anything, as maintenance at a constant temperature 
generally results if a slight increase in shift. 

Cooling to 950° did not cause a return of the interference fringes 
but a readjustment of the interferometer by means of its leveling 
screws did, showing that there had been, between 939° and 1100°, 
such an irregular expansion either in the porcelain tube A or the 
earthenware plate upon which the interference system rested, that 
the light, reflected from the interfering surface, no longer returned 
to the interferometer. Upon reheating to 1100° the fringe system 
was maintained as sharp and distinct as at lower temperatures by 
occasional adjustment of the interferometer. No accurate deter- 
mination of a was now possible as the position of the bands had been 
lost during the disappearance of the fringes, but two interesting phe- 
nomena manifested themselves. One was that there was a continu- 
ous though slow shift of the fringes, at constant temperature, in a 
direction to indicate a lengthening of the quartz ring. This shift 
was observed for an hour after the shift would normally have 
stopped and it had shown no signs of being completed when 
the second phenomenon made further observations impossible. 
This effect was the unequal expansions of the fused quartz cover 
and bed plates by which the reflecting surfaces ceased to be plane. 
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The interference bands became very distorted being no longer 
parallel to one another or equidistant. At the same time the mica 
disk mounted in the viewing tube at the top of the oven became 
completely opaque over half its surface and further work had to be 
abandoned. When cool the quartz plates showed the same distorted 
fringes. This property of the fused quartz, manifesting itself at 
1100°, seems to mark the upper limit to which this method is 
applicable unless some other transparent substance, capable of with- 
standing higher temperatures without showing this unequal expan- 
sion, is found. It is possible that fused quartz plates having once 
experienced this effect would not again show it after repolishing. 


COMPARISON OF RESULTS WITH THOSE OF OTHER OBSERVERS. 


While the apparatus here employed has been designed for work 
at high temperatures and therefore many refinements of method 
available at lower temperatures not possible here, it still seemed 
desirable to make a determination of the value of the coefficient in 
the region covered by Chappuis and Scheel. The three values, 
42.78 x 10-*, 42.10 x Io~* and 42.42 x 107° obtained for the 
temperature range 16° to 80° agree very satisfactorily with one 
another. Their mean is 42.43 x 107%. The formula of Chappuis, 
Z=/(1 + 0.385 x 10-°¢ + 0.00115 x 10~°f*), gives as the mean 
coefficient between 0° and 80°, 47.7 x 107°, while that of Scheel, 
J=/,(1 + 0.322 x 10-°¢ + 0.00147 x 107°@), gives 43.9 x 107°. 
The value here obtained, when reduced to the same temperature in- 
terval as those of Chappuis and Scheel, possesses a value which is 
about as much smaller than Scheel’s as Chappuis’s is larger. More- 
over the very rapid increase in the rate of expansion between 16° 
and 350° is in agreement with the results of Scheel and Dorsey for 
low temperatures. 

Callendar states that the rate of expansion of fused quartz is quite 
regular to 1000° C., that above this temperature there is a marked 
increase in the rate of expansion and that if the temperature be held 
constant at any temperature above 1000° the quartz continues to 
slowly expand and that upon cooling after such an expansion it 
does not recover its initial length but remains somewhat longer. 
The results here obtained show that the rate of expansion is not 
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quite regular up to 1000° C. but in other respects there is an entire 
agreement and the value found by Callendar for the mean coeffi- 
cient of expansion between 0° and 1000° C., z. ¢., 59 x 107°, is not 
greatly different from 58.5 x 10~*, the value obtained at 1100° in 
this work, the difference possibly arising from the different methods 
of measuring temperature, Callander using for this purpose the ex- 
pansion of the platinum tube containing the quartz rod. 

To facilitate comparison with results of Holborn and Henning a 
table of their results is here given. 




















6, 6, Ae | 0, 6, A, 
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25 500 79.5 || 16 750 192.5 
74 | 750 - 1000 66 
I | 61 
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The numbers in column /, measure the expansion of the quartz 
rod in # [.001 mm. ] for the temperature intervals 0, — 6,. A com- 
parison of the results for any temperature range shows quite marked 
variations in the measured expansions, amounting to 10 per cent. in 
two cases. As the corresponding variations in the present method 
are generally but a fraction of 1 per cent. the superiority of the in- 
terference method becomes manifest especially where the expansions 
to be measured are small as in this instance. The data contained 
in the above table give, as the mean expansion of the rod between 
o° and 1000°, .262 mm. This value in connection with the length, 
486.9 mm., gives 0.00000054 as the mean coefficient between 0° 
and 1000° C. This value falls directly upon the curve here obtained 
and shows a very remarkable agreement between the results ob- 
tained in the two investigations. This close agreement is still more 
strikingly shown when use is made of the data contained in the sec- 
ond table given by Holborn and Henning. In this table the ex- 
pansions of the rod, computed by means of the mean coefficient, 
54 x 107°, are compared with the measured expansions for given 
temperature intervals; Table II. is as follows: 
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@, 6, |Observed Expan-| Comp. Expan- | Diff. 
sion. sion. 

0 250 59 65.5 —6.5 
| $00 136 131 | +50 
| 750 198 196.5 +15 
| 1,000 262  -—- | 0 








If the mean coefficient of expansion between 16° and the tempera- 
tures of the above table be computed, using Scheel’s value to change 
from 0° to 16°, the results obtained, shown by the crosses on the 
plot, again lie very near the curve, the value at 250° being the only 
exception. This remarkably close agreement of the mean values 
obtained in the two investigations strongly indicates that the varia- 
tions occurring in each method are due to accidental errors of 
observation and not to systematic errors, and that an average of 
several determinations may be assumed to give the correct value 
quite closely. Confidence in the result is certainly increased when 
such radically different methods yield such concordant values. 


SUMMARY. 


1. Description of an oven and regulator for maintaining constant, 
temperatures lying between room temperature and 1000° C. 

2. The interferometer method has been shown applicable to 
1100° C. and to yield much more concordant results than any other 
method hitherto used. It can be used at still higher temperature 
if suitable reflecting surfaces can be found. 

3. The mean coefficient of expansion between 0° and 1000° of 
Holborn and Henning has been confirmed and in addition an ac- 
curate statement of the mean coefficient between 16° and any tem- 
perature to 1000° is now possible. These values are contained in 
the following table and were read directly off the curve. 
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EXPERIMENTS ON THE POULSEN ARC. 


By WILLIAM E. Story, Jr. 


INTRODUCTION. 
UDDELL' gives as the condition for the existence of an oscil- 
latory current in a condenser circuit shunting an arc 


aVv dV 


<0 | , eK, 
dA ~ dA 


and 
where @A is the change of current between the terminals in an in- 
finitesimal time, dV the corresponding change in potential and R 
the resistance of the shunt circuit. 

The analytical deduction of these conditions has been carried out 
by M. Janet? on the supposition that (1) the current in the conden- 
ser circuit is of the sine form, that (2) the resistance of the main 
circuit is large as compared to that of the shunt circuit, and that (3) 
the frequency of the oscillating current is 


nN = .. <=, 
2m/LC 
depending only on the capacity and inductance. 
The more accurate formula is 
RE 
Mm 6 
ie 


n= —— 


Corbino * says the current in the capacity circuit is not sinusoidal 
and he gives the equation for it 


L adi ( b a 
= + (7 — =) | -=0 
a G-watc7® 
1'W. Duddell, ‘On Rapid Vibrations in the Current through the Direct Current Arc,”’ 
Journ. Inst. Elect..Eng., Vol. 30, p. 232, 1900, 
®P. Janet, “* Duddell’s Musical Arc.’’ Comptes Rendus, Vol. 134, p. 821, 1902. 
*Corbino, Atti dell’ Assoc. Elletr. Ital., Vol. 7, pp. 369 and 597; or Sci. Abstr., 
1904, Vol. 7A, p. 537. 
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t, being the current in the shunt and 7 the current in the main 
circuit. 

The preliminary experiments in the present work gave rise to 
resonance curves so similar to those obtained in the case of sinusoidal 
vibrations, that an effort has been made to show that the oscillations 
in the Poulsen arc are of the sine form, at least for the potentials 
and currents considered. 





In the present experiments the variable inductance and capacity 
were connected to the arc terminals by heavy copper wires. The 
antenna when directly coupled was attached to the same terminal 
of the inductance as the 
capacity, and when it was x=l xl 
magnetically coupled the 
primary was inserted be- 
tween the inductance and 
capacity, as usual. The 
resistance ofthe leads was 
.038 ohm and that of the 
variable inductance .028 
ohm for each turn. A hot 
wire galvanometer  cali- 
brated by a steady current 1 A! x<0 —e| x<O 
was inserted at A (Fig. 1). Kd Jo ; 
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The main current was LoTR =. 
obtained from a storage 
battery of slightly over 
120 volts. This current ;, 
was regulated by 5 rhe- 
ostats and a variable graphite resistance in series,— in all about 35. 
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ohms. 

The inductance was one made by Dr. R. A. Fessenden, consist- 
ing of two cylinders side by side, one ebonite and the other metal, 
which revolving together by a connecting cog-wheel wound a .5 
mm. wire from a spiral cut in the metal cylinder in a corresponding 
spiral on the ebonite to increase the inductance. The pitch of the 
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spiral was .79 mm., and its external diameter 10.17 cm. The 
inductance for various numbers of turns of wire was calculated from 
a formula given by J. G. Coffin,' 


= 4zant{(w—1) ce a) 9 _2 
ge {(w 2 +cal"+, 1024 a* od ;) 
6° 
fe Edy. 2204) 
1310724 120 
where a is the radius and 4 the length of the winding, ” the whole 


number of turns of wire and V = log 8a/é. 
Coffin shows? that for any frequency the inductance is 


ee [: $1.25 2 (coher) |= 


xcosh*— cos + 





where Z, is the inductance for an infinite frequency, 7, the inner 
radius of the coil, d the diameter of the wire and + = 4zd/ on, o 
being the specific conductivity and x the frequency. The values of 
y for the variable inductance and for the long coil are shown in the 
accompanying table : 


Frequency. Coil. yx 
370 x 10° Variable inductance. 1.0027 
370 Long coil. 1.0064 
137 Variable inductance. 1.0044 
137 Long coil. 1.0105 


The condenser was made in the workshop at Clark University. 
It consisted of 16 brass semicircular plates 19.5 cm. in diameter, 
fastened rigidly one above another 1.8 cm. apart by a brass rod at 
the center of the circular edge. Half way between each pair of 
these plates a plate 15.5 cm. in diameter of a similar tier, fastened 
together by a rod at the center of the circle, could be introduced by 
turning the rod. These rods projected through the top of a glass 
jar filled with kerosene and served as terminals. The angle of the 
plates was measured on a circular scale fastened to the top of the jar. 

The condenser was standardized by running an alternating 

1J. G. Coffin, ‘‘ Absolute Standards of Inductance,’’ Bull. Bureau of Standards, Vol. 
2, No. 1, p. 136, 1906. 

2]. G. Coffin, “ The Influence of Frequency upon the Self-Inductance of Coils,’’ 
Proc. Amer. Acad., Vol. 41, p. 789, 1906. 
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current of frequency 1,000 through it shunted with a standard and 

with variable resistances in series with each. The terminals of a 

telephone receiver were connected to the two points between the 

resistances and capacities, forming a modified Wheatstone bridge. 
If there is no current through the telephone, then 


x € RC, 
R, = x and C=- R, . 
If R, and R, were large, the capacity could be determined to within 


\% per cent. 
The standard capacity was the one used by Professor Webster ' 


in his measurement of electrical oscillations, consisting of two cir- 
cular steel plates 50.0 cm. in diameter and 1.69 cm. in thickness, 
held apart by glass cylinders. From the formula given by Kirchhoff 


poy 16rr(d+) 6) b+a 


hed BAP) a A Si I 3s 





the capacity is found to be 494.4 cm. if d is .332 cm. 

The graph of the capacity of the variable condenser in centimeters 
per degree from the zero position proved an approximately straight 
line passing through the point 150°, 916 cm. and meeting the axis 
of capacities at + 100 cm. 

In order to determine what effect the frequency had on the capa- 
city of the condenser, it was also measured by a potentiometer 
method at a frequency of 50. Under this condition the capacity was 
found to be 708 cm. at 0 and 1,696 cm. at 180 degrees of the scale, 
Since the slope of the line is approximately the same by both 
methods, the excessive value obtained with a low period is probably 
due to an absorption in the dielectric. 

Accordingly, a third determination was made at the actual period 
of most of the experiments. The standard capacity was inserted in 
the oscillating system alone and the inductance changed till the 
system was in resonance with the long coil. The standard was 
then replaced by the variable condenser and the position of this ad- 
justed until resonance was obtained. Positions of the variable capa- 
city were thus compared with the standard plates held apart by five 


1A.G. Webster, ‘‘ An Experimental Determination of the Period of Electrical Oscil- 
lations,’’ Puys. REv., Vol. VI., p. 297, 1898. 
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sets of cylinders, the lengths in cm. (@) of which are given below with 
the corresponding capacity in centimeters as calculated. 


1 2 3 4 5 
dad .195 .332 -486 -623 1.000 
K 827.0 494.4 343.9 272.2 175.9 


As the arc could not be satisfactorily maintained with a capacity 
as low as 272.2 cm. only the first three of these values could be 
directly transferred to the variable capacity. To these values cor- 
responded scale readings of 128.4, 69.0, and 43.1. 

To obtain other values, the standards with their equivalent known 
values of the variable condenser in parallel, were balanced in the 
same way against the variable alone, and in this way the following 
table obtained : 














Kx Degrees Added. Total Cap. | Degrees to Balance. 

Sve, ae 69.0 988.8 155.7 
2 | * 343.9 | 43.1 687.8 104.6 
3 | 343.9 104.6 1,031.7 164.2 
4 175.9 | 32.8 475 64.0 
5 175.9 64.0 | 651 96.3 
6 175.9 | 96.3 827 128.4 
7 


175.9 | a ee 160.5 








Of these 4, 5 and 6 were found by the reverse process. 
In addition to these, and as a test of them, balance points were 
similarly obtained as follows : 





K | Degrees Added. 





Degrees to Balance. 











| ns | 
1 | 494.4 | 0 | 87.0 
2 | 494.4 | 30 117.7 
3 494.4 | 60 | 148.6 
4 494.4 90 | about 180 
5 343.9 | 0 | 63.0 
6 343.9 | 30 | 91.0 
7 | 343.9 | 60 | 121.1 
8 | 343.9 | 90 152.3 
9 272.2 | 0 | 51.0 
10 : 272.2 | 30 | 78.8 
11 272.2 60 110 
12 272.2 | 90 | 138 


_ a 
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From these three sets of values the final plot of the capacity was 
obtained as shown in Fig. 2. 

From the shape of the variable condenser we should expect the 
plot of its capacity to be very nearly a straight line, and as the 


es 





3 


CAPACITY iN CENTIMETERS 








DEGREES 
l i j l =| af 
20 40 60 80 400 420 140 160 /80 


Fig. 2. 





readings all lie near such a line the points of this line were taken as 
the true values of the capacity. 

Fleming ' has given a formula for the velocity of electric waves 
along a close wire helix whose diameter is small in comparison 
with its length, and the resistance and dielectric conductance small 
in comparison with its inductance : 
a Soil 

VLC 
where Z and C are the inductance and capacity in centimeters per 


unit length of the coil. 
The approximate formula for the inductance for low frequencies 
in centimeters of a coil of great length as compared to its diameter 


10 


is 
L,, = 7 Pm, 
where D is the mean diameter of the spiral, / the length and m the 


number of turns per centimeter. 
In the present case the coil or imitation antenna consisted of 


enameled wire on a wooden core made of four strips fastened together 
1J. A. Fleming, “‘ Electric Waves along Spiral Wires,’’ Phil. Mag., Vol. 8, 1904. 
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to prevent warping. The dimensions were as follows: D = 4.285, 
/= 199.7, m= 14.94. From these values ZL, = 8.078 x 10° and 
for infinite frequencies, since the diameter of the wire is .067 cm., 
L.. = 7.828 x 10°. From this we get the inductance at the 
actual frequencies 370,000 and 137,000 as LZ, = 7.878 x 10° and 
L., = 7-910 x 10%. 

With an earth wire 5 cm. from this coil its capacity C., as deter- 
mined by an electrometer method described in a paper by J. C. 
Hubbard,’ was 43.5 cm. 

From these values of the capacity and inductance, W,, = 3.237 x 10° 
and W,, = 3.229 x 10° centimeters per second. 

Now, since n= W/i, to find ” we have to measure the wave- 
length 4 along the coil. Fleming shows (/oc. cit.) that in the case 
of the fundamental the true quarter wave-length is given by 3/,/2, 
where 4, is the half wave-length of the first harmonic. This /, was 
determined with the aid of a Geissler tube filled with rarefied alcohol 
vapor and presented to the coil at a node, to be 134 cm., therefore 
4 = 804cm.and accordingly 2, = 4.03 x 10°and ,, = 4.02x 10°. 
The difference between these is beyond the limit of accuracy in the 
measurement of 4, so a common value 4.03 x 10° was used in both 
cases and will be designated by »,. 

The arc (Fig. 3) was a modified form of that used by Poulsen. 
The anode A was a copper plug .5 cm. long and .5 cm. in diameter 
screwed into the cap of a brass tube 7 1.2 cm. in diameter into 
which water was slowly flowing. The kathode X was carbon 1.6 
cm. in diameter and was slowly revolved by a small motor. The 
carbon made one revolution in about two minutes. The arc 
proper was surrounded by a brass box A fitting between the mag- 
netizing coils W/, insulated by a wood fiber plug P from the anode 
and made tight around the kathode with a stuffing box S. A 
highly tempered steel knife V was fastened rigidly to the interior 
of this gas box in sucha way that a spiral spring behind the kathode 
pressed it firmly against the knife. A tube 3.7 cm. in diameter 
and 10 cm. long screwed into a hole in the front of the box ended 
in a glass window which allowed the light egress. A current of 


1J. C. Hubbard, ‘‘On the Conditions for Sparking at the Break of an Inductive 
Circuit,” Puys. Rev., Vol. XXII., p. 129, 1906. 
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ordinary illuminating gas was passed through the box continually 
during the experiment and a water jacket prevented excessive 
heating. The coils consisted of 1,500 turns of heavily insulated 
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Fig. 3. 


wire giving a field sufficiently strong to localize the arc. This 
apparatus also was constructed in the shop. 

In making the photographs the light from the arc passed through 
the window in the case, through a photographic lens of focal length 
24 cm., and was reflected by a Foucault revolving mirror’ toa 
focus on the plate. The air blast was furnished by a fan blower 
driven by a three quarter horse power electric motor. In the pres- 


'C. A. Saunders, Puys. REv., 1896, p. 81. 
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ent experiments the mirror was run up to a maximum speed of a 
little over 100 turns a second. The speed was regulated by chang- 
ing the blast from the fan until the image in the mirror of an elec- 
trically driven tuning fork of frequency approximately 100, vibrating 
parallel to the axis of the mirror, appeared stationary. This state 
is reached whenever the time of rotation of the mirror is commen- 
surate with the time of vibration of the tuning fork, at least for 
rapid vibrations ; but the images for rotations of 100, 50, 33%, 25, 
20, 16% were so much stronger that there was no difficulty in dis- 
tinguishing these from the others. To determine which velocity 
any of these stationary positions of the fork represented, an ex- 
posure of the plate was made for the next above and the next below. 
Then the ratios of the distances between scintillations determined 
the actual speed of the mirror. When compared with a standard, 
the fork’s frequency was found to be 99.0. 

It was found that dropping the plate past the flash would not 
give a sufficiently long exposure to affect the plate appreciably. 
Accordingly it was put into an ordinary camera having the lens, 


‘shutter and lens carrier replaced by a shutter so arranged that a 


long slit in the plane of the reflected light could be opened and 
closed by pulling and releasing a string. This exposed the sta- 
tionary plate for perhaps a fifth of a second. Of course, if the total 
distance traversed by the image in a half revolution of the mirror 
were an integral multiple of the distance between two successive 
scintillations, the shutter could be kept open any length of time 
without the markings overlapping. As a matter of fact, however, 
an exposure of from ;}; to 1 second generally gave a measurable 
plate. The shutter was held rigidly but the back of the camera 
could be raised and lowered, thus allowing several photographs to 
be made on the same plate. 
The formula for the frequency is 
4zrt 
i= a 2. 

where z is the frequency, ¢ the number of turns per second, r the 
distance of the plate from the mirror and d the length of the 
markings. 
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THEORY OF THE EXPERIMENT. 


The theory for the current in two directly coupled systems has 
been given by Abraham.’ The theory as here presented is that 
given by Professor Webster in his lectures on electricity during the 
present year. 

If R,, Z,, K, are the resistance, inductance and capacity of the 
shunt across the arc and if /, is the current through the inductance, 
we have the well-known equations . 


al. 
(1) L, = + Rl, + V, = 0, 
aV. 
(2) I = K, —_ 


where /,’ is the current through the capacity. 

If /, (Fig. 1, @)is the current in any uniform conductor or antenna 
of length /, capacity X, inductance Z and resistance R (all for one 
centimeter of length along the axis) at the end joined to the arc 
circuit, then 


(3) L=l+T/,'; 
that is, 

al, dl, A 
(4) ROW athe 


If # is the distance along the conductor from the same end, 


aV. eV 
(5) kK, dt? =K(ar)_. 


where V is the potential at the point + corresponding to a current 
I. 
We have then, as the end conditions for the conductor, 


al, d*V, , aV, 
(6) Ly + LK. aa + RL + RK, + Vix 
for += 0, and 
(7) l, =o 
for x = /. 


1M. Abraham, ‘‘ Zur drahtosen Telegraphie,’’ Phys. Zeitschr., Bd. 5, p. 174, 1904. 
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If in the telegrapher’s equation 





OV ee eV 

(8) Riga + ARS 554 
we put 
(9) V = u(x) 
and divide through by e”, we have 
(10) (KL#? + KRA)u(x) = ~~ = — u(x), 
where 
(11) — k= KL? + KRi, 
or 

a’ 
(12) a Oi adm: 
that is, 
(13) u= Acos kx+ 8 sin kr, 


where A and B are arbitrary constants. Now, along any such 
conductor we have 
ol OV 
(14) La +Rl=—3-; 
and, if we put 
= w(x), 
we get, by substituting the value of V from (g) and (13), 


k(A sin kx — B cos kx) 


(15) w(x) = —— SS gam 
When «= /, 

1, = ew(2) =0O, 
or 
(16) “= tan £7. 


When + = 0, by substituting V, and /, in (6), we have 
(17) (LpK ol? + RK A + 1)m(o) + (Loh + R,)ew(0) = 0 ; 
so that, by (13) for x = o and (16), 


(LA + R)(L,K J? + RK + 1) 


(18) ice = k tan Ai. 
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So far the solution is entirely general. Now neglect the resistances 
R and &,, since they are very small as compared with ZA and LA 
(1/ 10%). 

Then we get from (11) 
(19) — 2 = KL}, 


so that Ais a pure imaginary ; that is, there is no damping factor. 
If we put 


(20) P=- ®, 
we get from (18), (19) and (20) 


L _ a 
(21) z," — K,L,p’) = “ KLp tan (“KL pl) ; 
or, if we let 
(22) z= VK/Lpi, 


we get finally 


: tang (1 _ Kt) HL _ Ky, 
(23) ie meer ae oe 
and 

KL? 


(24) {y= (Ka + Kl tan 2) 


In Fig. 4, Z, is plotted as ordinate and z as abscissa in the neighbor- 
hood of z=z/2. <A, being = 1122, AJ = 43.5 and L/= 7.878 
x 10°. 

Since, for the fundamental of the long coil alone 


oe ig within } of 1 per cent 
~ al 2/7 KL ii at Nae 

from (22) the period of the whole system will be equal to the funda- 
mental of the coil alone, if z= z/2; and then by (24)Z,=0. We 
should then have complete resonance and a correspondingly enor- 
mous amount of energy taken from the capacity circuit. In like 
manner we get complete resonance if z= 32/2, 57/2, etc., corre- 
sponding to the fitst, second, etc., harmonics of the coil; and in 
these cases L, will be o. 

Now since for changes of Z,, 2 = p/2z is by (22) a constant mul- 
tiple C, of z, the graph of Z,, # is similar to Fig. 4. So that theo- 
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retically for every value of Z, we have an infinite number of dif- 
ferent frequencies — for the fundamental and harmonics. Also, any 
frequency once obtained cannot by any change of Z,, be continuously 
changed by an amount greater than 7C,, nor can we find more than 
one resonance point, though we may with a large value of Z,, obtain 


/44105 
12x10%+- 


tox1o* 


8x/0"+ 
6x/0 
4x/0*- 


owt 











Fig. 4. 


a frequency near a second resonance. For z< 7/2, z decreases as 
ZL, increases and the curve approaches s = 0 as an asymptote: that 
is, we have a steady falling off of the frequency with an increase of 
inductance. 

As a matter of fact, if the inductance is decreased from a large 
value (say 2 x 10°), the current into the antenna increases until a 
point corresponding to a value of < a little less than z/2 is reached. 
So much energy is then taken out of the arc that it is momentarily 
extinguished ; but the point on the neighboring branch of the curve 
having the same inductance corresponds to a value of ¢ far from z/2. 
Accordingly the frequency springs over to this branch of the curve, 
so to speak. This change is of course accompanied by a sudden 
drop in the current entering the coil. If the inductance is still 
further decreased the frequency travels down this second branch to 
a point near the next point of resonance, that is, near the period 
corresponding to the first harmonic of the coil, and then goes through 
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the same procedure as before. If, however, we increase the induc- 
tance when the first point of discontinuity is reached, the frequency 
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Fig. 4a. 


will not jump back to the first branch directly, but will remain on 
the second branch until such a value of z is reached that the energy 
given the coil is approximately the same as at the first break. The 


6x/0"*+ 
40% wn 
B 
2xio+ Cc \ 
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Fig. 4b. 











breaking inductance will accordingly be higher for the increasing 
inductance than for the decreasing. 


INDUCTIVE COUPLING. 


If /, is the current, X, the resistance, Z, the inductance, X, the 
capacity and V, the potential difference between the condenser 
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plates, —all in the condenser circuit; if /, is the current, X, the 
resistance, L, the self-inductance of the coil at the bottom of the 
antenna and V, the potential at the upper end of this coil ; and if 
is the mutual inductance between the two circuits ; then 


(25) =k, 

(26) iS +M a + Rj,+ V,=0, 
(27) ue 04 LS} + Rl, + by =o, 
from which are obtained 
(Sh aR) oaths ro 
(29) BE ckks nce 


If Z, X and R are the inductance, capacity and resistance per unit 
length of the antenna, and V and / the potential and current at the 
point whose distance from the lower end is z, 


ol OV 
(30) Le +Rla—> 
Of = 


from which follows 
Vv OV 10°V 


(32) Lop +k a = Rost 
Assuming the oscillations to be sinusoidal, that is, 

(33) Veue, J =we, 

(34) u= Acos kx + Bsin &x, 

and, from (30), (33) and (34), 


b 
(35) w= Rar? sin kx — B cos kx), 
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we have, for x = 0, from (28) and (29), 


eee Mki 
(36) AK Lj + KR} +1)- 7 pB=0, 
(LA+R)e 
2 niaenminagenennaias _ 
(37) EK Mi + A—7 RB =o, 


where £ is the constant factor of V,, and, for x =/, because then 
i= Oo, 


B 
(38) q = tan ki. 


Let z = £/; then, from (36), (37) and (38), 
(LA+ RK LA + KR A + 1) 


(39) tans = (Li+ R)(KL2 + KRA + 1) — KM’ 





where L.=/L and R,=/R. Since R is small in comparison with 
Li (1/1000), we may neglect it and obtain, from (11), 


(40) — 2 = KL. 
Let 
(41) =e 1A ’ 
then 
(42) KLp =F, 
L { “ RE? a2 
(43) tase. ———ae fad 
L,— z A (hb, _ Mt 


With the present coupling, J/* is only about 1 per cent. of Z,Z, 
and K,/X,L,-(Z,L,— M’)=* only 4 per cent. of Z,; so we may 
neglect J/ in determining z and get 


ee 
(44) stanz=F 


ce 


1 


and since ZL, = 7.86 x 10°, «= 1.429, or 4.307, etc. A variation 
of 10 per cent. in the value of Z,/Z, will make a difference of less 
than 1 per cent. in the value of z. The frequency is given by (42) 


(45) 
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RESULTs. 
To determine whether the quantity X,Z, is or is not a constant for 
a fixed value of the frequency, the condenser was set at a series of 
values and the values of the inductance that gave resonance with 
the long coil attached inductively were observed. This inductance 
could be easily determined to one part in three hundred. From 
these values the quantities C and ZL’ in the equation 


(LZ, + L')K, = C 
were determined by the method of least squares for the least mean 
error of K,L, to be 
C = 1.445 x 10°, 
L’ =4.1x 10°. 


This Z’ is the inductance in the primary outside of the variable in- 
ductance Z}. Even the second figure of this quantity is doubtful, 
but as LZ’ is less than one per cent. of Z this inaccuracy is of no 
consequence. A (Fig. 5) is a graph of the curve Z, and K,. The 
points from which it was calculated are shown. 
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Fig. 5. 





A similar curve B (Fig. 5) was plotted for the capacity circuit 
tuned to an antenna, about 81 meters long fastened to the upper 
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end of the inductance Z,. This antenna consisted of a single cop- 
per wire run out through the window to the top of a neighboring 
building where it was connected to a porcelain insulator strung on 
a loop of wire about a meter long. In this case 


C = 3.364 x 10°, 
L’ = 3.4 X 10%, 


where again the value of Z’ is very uncertain on account of the 
method of calculating the curve. 

In both of these cases the slight variations from the curve seem 
due to momentary conditions rather than to any tendency to depart 
from the hyperbolic form. 

During the experiments the main current varied from 1.5 to 2.5 
amperes and the potential drop across the arc from 35 to 60 volts. 
Neither of these variations appreciably affected the value of Z, for 
resonance with the long coil. Accordingly, the variable capacity 
was set at its largest value (1,122 cm.) and photographs were made 
for known inductances. The results are tabulated below. The arc 
length was about 1.5 mm. during all the experiments. 


nas Determined by 


5 Tuned to so ao z Coil _3X10*° Remarks. 
= g- Li+L! Meas. Theory. ony KL Mirror. 
my ne Ms Ms 

1} Panda: | inauc- 1.440% 10° 1.429 403,000 367,000 376,000 357,000 “*'ssler ‘ube 
2 mental, | tive. attached. 
12 “ «| 1.411 “ | 1.429 403,000 367,000 372,000 342,000 a 
22 “ ss 1.290 ‘* 1.429 403,000 367,000 397,000 376,000 
23a ‘ “| 1.276 ** | 1.429 403,000 367,000 399,000 381,000 
a «| ie +] — —_ — | 399,000 389,000 

Funda- , Lo 
18 pacar Direct. 1.140 10° 1.465 403,000 376,000 427,000 381,000 
24 “ «* | 1.130 ** 1,753 403,000 450,000 424,000 454,000 
6 3Xfund. 

wave- « 10.50 ‘* 535 403,000 137,000 139,000 136,000 - 
7 length. 
a \ — |None.| 1336 «|—| — — | 390,000 396,000 











The frequency is given as calculated from the dimensions of the 
capacity circuit (#,) as well as from the above theory. The value 
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n, under “‘theory”’ is obtained by multiplying the natural period 
(”,) by 2z/z. If the quarter wave-length were just the length of 
the coil, we could calculate , directly from (22), page 247, and 
(45), page 251. , is the frequency as measured by the mirror. 
All the inductances have been corrected for the frequency. 

In plates 1, 2 and 12 a Geissler tube at the upper end of the long 
coil added a capacity sufficient to change the period quite decidedly. 
Naturally then, 2, is much less than z,,and x, is below its value for 
resonance with the long coil alone. The low values in 12 are prob- 
ably due to a change in the position of the tube. 

In plates 22 and 23a the Geissler tube was moved about 2 mm. 
away from the coil, where it did not appreciably affect the frequency, 
but where it still glowed for inductances near resonance. #, and 2, 
have risen about 5 per cent. #, and ”, are both greater than , and 
n,, that is, the period of the system is less than the period of either 
part, in spite of the looseness of the coupling. 

Plates 18 and 24 show the different frequencies that may be ob- 
tained with the same value of the inductance in the case of direct 
coupling ; the one for decreasing inductance and the other for in- 
creasing. In this case the values of z were taken directly from the 
Ll, — 2 curve (Fig. 4) and x, differs from x, by less than 1 per cent. 
These two values of , for nearly the same value of x, differ widely 
from each other. This difference is perhaps the cause of the change 
often observed in the product X,Z, for the same frequency. 

It was found that if, when the long coil was directly coupled to 
the arc circuit, the inductance Z, was increased to about g times its 
value for resonance, the Geissler tube glowed for this region also, 
though not as brightly as before. The coil then responds to an 
oscillation having a quarter wave-length equal to three times the 
length of the coil : that is, the wave would receive the negative pulse 
only upon its second arrival at the capacity circuit. Since there is 
a large change of inductance at the circuit end of the coil we might 
expect a sufficiently strong reflection there to make it respond to a 
wave-length of about twelve times its own length. Of course this 
response cannot be nearly as large as in the case of the fundamental. 
Plates 6 and 7 were made for the inductance that gave the largest 
galvanometer reading. The value of ¢ <2/2 which corresponds to 
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this value of Z, in Fig. 4 is given under z. Of course x, should be 
smaller than ~, because of the capacity added by the Geissler tube 
and not considered in the theory. 

Plates 26 and 27 were made with no coupling. Here the value 
of the frequency as calculated from the formula 


3 x 10” 
itt ax /K,L, 
agrees with the observed value within 1.5 per cent. These two 
plates were made to determine the effect of the potential drop over 
the arc. For differences of potential from 35 to 60 volts no appre- 
ciable change took place. 

In every case (except those with the Geissler tube attached) the 
theoretical frequency was a little less than that observed by the 
mirror. This seems to show that either the mirror was not spin- 
ning as fast as supposed —that is, that the standard tuning fork 
was a little under pitch—or else that the frequency 2, as calcu- 
lated from the coil was really greater than 403,000. This latter 
seems the more probable source of error, since a difference of 2 cm. 
in the position of the node of potential as determined by the Geissler 
tube would be more than enough to account for this discrepancy. 
This undervaluation of W might account for the difference between 
n,andx, Accordingly it seems reasonable to regard the discrepancy 
as due to errors in the measurements rather than to a fault in the 


nN 


theoretical assumptions. 
The measurements of plate No. 26 are given below as a specimen. 


PLATE 26. 
Exposure 2, 33 volts drop, length of 70 oscillations 5.115 cm., d = .0745 
“ 0a * os 6 66 1.491 ‘* d@=.0745 
6 La * * ss ss 3 66 2.206 ** d= .0735 


1—49.5, r= 45.3. 


Below are given some specimen resonance curves. In Fig. 6 
inductance in centimeters is plotted against current in amperes, and 
in the others the galvanometer deflections in centimeters are plotted 
as ordinates and the turns of the variable inductance in the con- 
denser Circuit as abscissz, the capacity being 1,122 cm. 

When the coil is directly coupled as in Fig. 6, the small rise cor- 
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responding to the first harmonic is noticeably double pointed only 
when the arc is running its best, as the energy of the vibrations at 
this period is very small. The /undamental, however, shows the 
effect of the double branch very strikingly. As the inductance Z, 
was increased from o the galvanometer deflection increased rapidly 
near the resonance point and then suddenly dropped to a smaller 
value. If the inductance was decreased at the point C, instead of 
being increased, the deflection rose along the line CD to approxi- 
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mately the same height as before, then again dropped and a decrease 
of inductance then caused the curve to travel back along its former 
path. These two branches were nearly symmetrical with respect 
to an ordinate drawn through P. The portions PB and PD exhibited 
all the properties of unstable motion. That is, if in any way the 
capacity of the coil was momentarily increased — by a person passing 
close to it, for example — the reading of the galvanometer, if on 
PD, would rise to D, fall to A and rise again, but on the lower 
branch AP. These points B and D evidently represented those values 
of the current in the coil that drew out enough energy from the cir- 
cuit to destroy the arc momentarily. For if the energy in the 
arc circuit was decreased, the heights of these maxima were 
diminished. A Geissler tube held at the end of the coil became 
warm, and in this case also the maxima were lessened. Continuing 
on out we get another rise in the curve at 112 turns, shown at the 
right in Fig. 6. As might be expected this curve has a simple 
rounded top and no double values. 

If we equate the expression for , to that for x,, that is, if we 
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neglect the effect of the coil on the frequency of the primary, we get 
the equation 


Le= we = 3.054 X 10°, 
the same equation as obtained from (24) by considering AK/ =o: 
that is, by regarding the coil as unable to take any current from the 
circuit. This is then the equation of the primary alone for changes 
of Z,and z. The plot of this equation has been drawn in in Fig. 4, 
and the corresponding points of Fig. 6 designated. 

The difference between the value of z for this curve JN, and for 
the actual curve, for the same value of Z, is proportional to the 
effect of the antenna on the frequency in the primary. We should 
then naturally expect the values of z for the breaking points D and B 
to differ from the values of z at the points D’ and B’ where these 
inductances are cut by the JV, curve, by approximately the same 
amount. As, however, the arc persists longer at some times than 
at others, we cannot expect the break to come always at the same 
value of the current entering the coil. But at the point / there is 
the same tendency to stay on one branch as onthe other. Accord- 
ingly, that point of the curve JV, having the inductance of the point 
p should have a value of z half way between those of the two 
branches of the true curve. As measured from Fig. 4 the value of 


This is as close to unity as we could expect, considering the changes 
in the strength of the oscillations as mentioned above. 

Since in Fig. 4 the slope of the curve is approximately the same 
at ~, and #,, and, since the slope of the left branch immediately 
below /, increases with decrease of Z, about as fast as the slope of 
the other branch just above /, increases with increase of L,, we 
should expect the two branches of Fig. 6 to be nearly symmetrical 
just above the point g. This proves to be the case. The graph of 
the tangent is shown in Fig. 44. 

From equation (24) we see that z for the branch AB (Fig. 4) must 
always be greater than the resonance point 7/2 by a finite quantity 
2! =— K,/K,:tan ze —2/2, depending only on the capacities. That 
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is, the current into the antenna will never become infinite for the 
fundamental on this branch, but will approach a finite value as the 
inductance is increased. Instead then of the two branches of Fig. 
6 rising symmetrically, we should expect the branch CD to run up 
asymptotically to the axis of ordinates as L, decreases to 0, and 
as L, increases indefinitely, the branch AJ to turn after a time and 
approach a large value of the current as an asymptote. In order 
to show this property of the AB branch we must make zs’ + z/2 
greater than z at the breaking point 4—in this case 1.687; or 
the value of X,/X, would have to be as great as 1/5.084. As this 
ratio could not be obtained in the case in hand without diminishing 
K, to 220 cm. — below the amount necessary to maintain the arc 
—no such asymptote could be found. The smaller X,/X,, the 
nearer the curve approaches the curve V, except at the resonance 
points, and when X,/K,=o the curve coincides with JV, as 
already stated. 

The region of the first harmonic is shown in Fig. 4a ona different 
scale. Here the curvature is much sharper than before, and since the 
curve is also a great deal flatter, a small change of inductance near 
the first harmonic will make a very much larger change inz. That 
is, the resonance curve should be steeper for the first harmonic 
than for the fundamental. Fig. 6 shows this to be so. In this 
case also the point of intersection of the two branches should have 
a value of z about half way between those of the curve for like 
inductance. Here 

Prd’ 
D,'D;’ 
The branches above 7’ are as before. 

If we start with a very large value of L,, the coil decreases the 
natural period of the condenser circuit by a greater and greater 
amount as we decrease Z, until the curve breaks, and from the 
break to the point z = z the coil accelerates the primary. When 
= 7 the curve J, crosses the actual curve. This corresponds to 
a wave-length of twice the coil length and in such a case the 
current into the coil (/,) is zero. For decrease of Z, this pro- 
cedure is duplicated again and again for each addition of z to the 
value of z. 


= 1.0. 
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Fig. 7 shows the resonance curve for the coil coupled inductively 
—the maxima being very sharply defined because of the loose 








DEFLECTION AT 92. OM. 





= * a 


20 
INDUCTANCE TURNS 


Fig. 7. 





couplings. The second harmonic was detected but not measured. 
No maxima beyond the fundamental were observed in this case. 
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Fig. 8 is the resonance curve for the long wire antenna fastened 
to the upper end of Z,, No maxima could be detected excepting 
for the fundamental. 

Fig. 9 is the plot of the inductance and current when a small 
capacity is inserted between the galvanometer and the condenser 
circuit, thus constituting electrostatic instead of electromagnetic 
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couplings, the distance between plates being 0.5, 1, 2, 4 and 8 cm., 
respectively, for curves /, //, ///, /Vand V. The double maxima 
are very strongly brought out in this case. 
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SUMMARY. 


First, the curves between Z/ + L’ and KX, for resonance with the 
coil and antenna seem to show definitely that, for these frequen- 
cies and currents, the product of the inductance and capacity is a 
constant. 

Second, within the limits of error of the experiment, the current 
in the Poulsen arc as here used is of the sine form ,—a simple har- 
monic vibration, otherwise the above theory would not have been 
confirmed. 

Third, there is good reason to believe that, in a Poulsen arc circuit 
unattached to any other system, the frequency is given by the ordi- 
nary formula 

3 x 10" 
i= on / RE . 


In conclusion, I wish to thank Professor Webster for great kind- 
ness and assistance during the course of the work, and the Trustees 
of Clark University for the means of carrying it out. 


NoTE. 

The above experiments were completed over a year ago, but 
owing to the author’s absence in Europe the publication of the 
results has been delayed. Meanwhile a paper by Mr. G. W. Nas- 
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myth! has appeared, in which he gives a formula for the frequency 


of the oscillating arc 
| , e+)! 
5%) 


LJ I 
eter”) TS alma wees ais, 


where A is the current through the arc, / the arc length and ¢ and 
d constants depending on the electrodes used. When/=o0 the 
second term under the radical is supposed negligible in comparison 
with the first and we get the equation used in the present work. 
Since / is never 0, # will be less than the frequency given by the 


simple formula 
one I 
eS LO 


This probably accounts for the difference between x, and x, in the 
inductively coupled cases. 


1George W. Nasmyth, ‘“‘ The Frequency of the Singing Arc,’’ Puys. Rev., 27, p. 
117, 1908. 
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PROCEEDINGS 


OF THE 


AMERICAN PHYSICAL SOCIETY. 


MINUTES OF THE FIFTIETH MEETING. 


HE annual meeting of the Physical Society was held in Boston, 

Mass., beginning on Tuesday morning, December 28, 1909, and 
ending Thursday evening, December 30, 1909. The sessions were held 
in Room 22, Walker Building, Massachusetts Institute of Technology, 
except on Wednesday, December 29, when the society met at Cambridge 
in the Jefferson Physical Laboratory of Harvard University. 

All the sessions were joint sessions with Section B of the American 
Association for the Advancement of Science, and during the afternoon 
session of Tuesday, December 28, Section A of the American Associa- 
tion also met with these two organizations. On this occasion the presiding 
officers were Vice-President L. A. Bauer of Section B and Vice-President 
E. W. Brown of Section B. For the other sessions either President 
Crew of the Physical Society or Vice-President Bauer of Section B acted 
as presiding officer. 

On Wednesday, December 29, tellers being duly appointed, the ballots 
for the annual election of officers were counted. The vote resulted in 
the election of the following officers for the year 1910: 

President, Henry Crew ; Vice-President, W. F. Magie; Secretary, 
Ernest Merritt ; Zreasurer, J. S. Ames ; AMlembers of the Council, Kar 
E. Guthe, C. A. Skinner. , 

At the joint session Tuesday afternoon, January 28, the program was 
as follows : 

Address of the retiring Vice-President of Section B, Karl Guthe : 

‘Some Reforms needed in the Teaching of Physics.’’ 

On the Determination of Latitude and Longitude ina Balloon. C. 
RUNGE. 

The Ruling of Diffraction Gratings. A. A. MICHELSON. 

On Certain Physical Hypotheses Sufficient to Explain an Anomaly in 
the Moon’s Motion. E. W. Brown. 

Following is a list of the other papers presented at the meeting : 

1. Temperature Coefficient of Electrical Resistance. Tungsten, Molyb- 
denum, Nickel and Nichrome. A. A. SOMERVILLE. 
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2. The Flow of a Gas through a Capillary Tube. WILLARD J. FISHER. 

3. Effect of Surface Tension upon a Falling Jet of Water. F. R. 
Watson. 

4. The Variation of the Hall Effect in Metals with Change of Tem- 
perature. ALPHEUS W. SMITH. 

5. The Effect of Pressure on the Electrolytic Rectifier. A. P. Car- 
MAN and G. J. BALZER. 

6. The Analysis of the Principal Mercury Lines by Diffraction Grat- 
ings, and a Comparison with the Results Obtained by Other Methods. 
Henry G. Gate and Harvey B. Lemon. 

7. The Spectra of Some Gases in the Region of Extremely Short 
Wave-length. THEODORE LYMAN. 

8. The Variation of the Hall Effect with the Temperature in the Case 
of the Principal Magnetic Metals. THomas C. McKay. 

9. The Rectifying Effect in Point and Plane Discharge. Rosert F. 
EARHART and Cuas. H. LAKE, 

10. Photographic Photometry, and Some Interesting Photographic 
Phenomena. CHARLES F. BrRusH. 

11. Note on ‘‘Changes in Density of the Ether, and Some Optical 
Effects of Changes in Ether Density.’’ CHARLEs F. Brusu. 

12. The Tone Quality of the Flute. D.C. MILLER, 

13. An Instrument for Projecting and Recording Sound Waves. D. 
C. MILLER. 

14. The Magnetic Measurements on Board the ‘‘ Carnegie’ 
L. A. BAUER. 

15. The Relativity Dilemma. D. F. Comstock. 

16. ‘* Bound Mass’’ and the Fitzgerald-Lorentz Contraction. WILL 
C. BAKER. 

17. Physical Properties of Binary Liquid Mixtures. J. C. HusBBarpb. 

18. On the Use of Polar Codrdinates in Thermodynamics. J. C. 
HusBarD. 

19. The Theory of the Vibration Galvanometer. F. WENNER. 

20. Coefficients of Linear Expansion at Low Temperatures. H. G. 
Dorsey. 

21. The Freezing of Mercury at High Pressures. P. W. BRIDGEMAN. 

22. Phenomena of Spark Discharge through Wire Conductors. FRan- 
cis E. NIPHER. 

23. Some Minute Phenomena of Electrolysis. H. W. Morse. 

24. A New Method of Measurement of Small Angles. C. W. CHAM- 
BERLAIN. 

25. The Photographic Evidence for Dispersion of Light in Space : — 
Is it a purely Photographic Phenomenon? H. E. Ives. 

26. On the Secondary # Radiation from Solids, Solutions, and Liquids. 
S. J. ALLEN. 


in 1909. 
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27. The Effect of Filter Paper upon the Mass and Form of the Deposit 
in the Silver Coulometer. E. B. Rosa, G. V. VinaL, and A. S. Mc- 
DANIEL. 

28. Experiments in Impact Excitation with the Lepel Singing Arc. 
GEORGE NASMYTH. 

29. On the Coefficients of Diffusion of the Emanation and the Active 
Deposit Particles of Actinium. J. C. MCLENNAN. 

30. On the Relative Numbers of Positive and Negative Ions present 
in Atmospheric Air. A, THOMSON. 

31. Note on the Cause of the Discrepancy between the Observed and 
Calculated Temperatures after Expansion in the Space between the Plates 
of a Wilson Expansion Apparatus. R. A. MILLIKAN, E. K. CHAPMAN, 
and H. W. Moopy. 

32. Some New Values of the Positive Potentials assumed by Metals 
under the Influence of Ultra-violet Light. R.A. MILLIKaAN. 

33- The Second Order Effect of Ether Drift on the Intensity of 
Radiation. A. TRowsBripGeE and C, E. MENDENHALL. 

34. The Rotary Dispersion of Quartz at — 190° C. and Observations 
at other Temperatures. F. A. Mo.py. 

35. The Pyrheliometric Scale and the Solar Constant. C. G. Apsor. 

36. Single-line Series in the Spectra of Ca and Sr. F. A. SAUNDERs. 

36. The Relative Motion of the Earth and the Ether. H. A. Wixson. 

37. A Study of the Multiple Reflection of Short Electric Waves be- 
tween two Reflecting Surfaces. L. E. WoopMan anp H. W. Wess. 

38. A Hot Air Engine Indicator Diagram. A. G. WEBSTER. 

39. The Nitrogen Thermometer from Zinc to Palladium. A. L. Day 
and R. R. SosMAN. 

40. On Calcium Clouds in Space. Dr. STIFER (presented by Perci- 
val Lowell). ‘ 

41. The Second Postulate of Relativity. R. C. Totman. 

42. The Terminal Velocity of Fall of Small Spheres in Air. (By 
title.) JoHN ZELENYy and L. W. McKEEHAN. 

43. The Present State of our Knowledge concerning Permanent 
Magnetism. (By title.) A. A. Knowlton. 

‘44. The Heat of Dilution of Aqueous Salt Solution. (By title.) F. 
L. BisHop. 

45. Uranous and Uranyl Bands. A Very Fine Band Absorption 
Solution Spectrum. (By title.) W. W. Srrone. 

46. Insulation of Observatory Domes for Protecting Telescopes and 
other Apparatus against Extremes of Heat and Cold. (By title.) 
Davip Topp. 

47. On the Free Vibrations of a Lecher System. (By title.) F. C. 
BLAKE and Cuas. SHEARD. 
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48. Thunderstorm Electricity. (By title.) W. W. Srrone. 


ERNEST MERRITT, 
Secretary. 
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Tue Porous-PLuG AND FREE-ExpPANSION EFFECTs IN AIR AT 
VARYING PREsSUREs.! 
3y A. G. WoRTHING. 


STUDY of the high values of the ratio of the two heat capacities of 
air obtained by Witkowski and by Koch has led to the derivation 
of the formula 


IP 
v 
Pov ‘00 
(1.) ret tr gt —— 


‘ 00 


where 7 is the free-expansion effect. This differs from the common 
expression for 7 derived for a perfect gas by the addition of the last 
term of the right-hand member of the equation. The above expression 
combined with another thermodynamic formula gives 
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The combination of two well-known formule gives 
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where » is the porous-plug effect. Witkowski’s values for the product 
fv for air at various pressures and temperatures and Koch’s data on y 
when combined by means of (II. ) and (III.) give values of w and » for 
varying pressures at o° C. and at — 79.4°C. The maximum value of p 
obtained thus for air at o° C. is about .85 of the value obtained from the 
experimental results of Joule and Kelvin. The curves obtained show 
that « and » decrease with increasing pressure after a certain pressure is 
reached, a result which is to be expected from a consideration of (II.) 
and (III.). Theoretically, (II.) and (III.) also shows that, beginning 
with small pressures, » and 7 approach zero as the pressure approaches 
zero. This fact should have an important bearing on the determination 
of the relations existing between gaseous thermometric scales and the 
absolute scale of temperature. 


1 Abstract of a paper presented at the Urbana meeting of the Physical Society, 
November 27, 1909. 
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A NEGLECTED Type oF Re tativiry.' 
By D. F. Comstock, 


HE negative result of all experiments to detect the earth’s motion 
through space by its effect on terrestrial phenomena positively 
requires explanation, and the modern principle of relativity is generally 
conceded to be the most successful attempt to explain sofarmade. The 
principle has, however, led to great complexity in detail and its implica- 
tions have not yet been completely worked out. 

It does not seem to have been generally noticed in this connection 
that if the velocity of light is assumed to depend on the velocity of the 
source, in the same way in which the velocity of a bullet depends upon 
the velocity of the gun, then we have a simple type of relativity which 
in many ways presents a striking contrast to the principle now in vogue. 

Such a light-velocity is not obviously consistent with the conception 
of light as a wave motion in a semi-material medium, but if there is 
anything that modern discoveries in fundamental physics have shown, it 
is that we must not reason too much from analogy or expect to find the 
most fundamental of all transformations of energy to resemble those 
transformations which we are familiar with in complex material systems. 

The assumption that the velocity of light depends on that of the source 
has, so far as the author is aware, never been properly examined. This 
is strange, but is probably explainable as a natural result of the complete 
trust which has been put for years in the conception of an ether. 

In the paper of which this is an abstract, the astronomical conse- 
quences of the assumption that the velocity of light depends on the 
source-velocity, in the same way that the velocity of a bullet depends on 
that of the gun, has been partially developed. It is found that a change 
in the line-of-sight-component of a star’s velocity causes the time inter- 
val between any two events which happen on the star to be different from 
the apparent time interval between the same events as observed from the 
‘ earth. If the star is very distant and changes its velocity as in the case 
of a binary star, it is even possible that two events may appear to happen 
in their reverse order. 

In the case of spectroscopic binaries certain characteristic peculiarities 
should appear in the spectrum, peculiarities which apparently do not ex- 
ist. The investigation is only just begun but so far the indications are 
rather against the existence of the effect. 





1 Abstract of a paper presented at the Princeton meeting of the Physical Society, 
October 23, 1909. 
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TEMPERATURE COEFFICIENTS OF ELECTRICAL RESISTANCE.! 
By A. A. SOMERVILLE. 


HE range of temperature through which the work extends is from 

0° C. to about 1060° C.; limits well within the range of the 
platinum resistance thermometer. The temperatures are determined by 
means of such a thermometer calibrated at melting ice, steam and the 
melting points of copper in air and in nitrogen. It is believed that at 
points near 1000° C, readings are correct to within one or two degrees. 
Temperatures are automatically recorded by a Callendar recorder and 
Callendar’s platinum resistance curve is taken as a standard and the 
coefficients of other metals referred to that as a standard. 

Specimens are placed in a quartz tube similar to the thermometer 
container and the two placed inside a porcelain tube which is the core 
of a resistance furnace. Using a dial bridge the resistance of the un- 
known is measured to the fourth decimal place. 

Four materials have been studied: nickel and nichrome, two good fur- 
nace wires inasmuch as they do not oxidize readily and tungsten and molyb- 
denum, which must be protected from oxygen when heated. The nickel 
and nichrome curves are very similar in shape, but the coefficient of the 
former is twenty times that of the latter. The coefficients in either case 
are relatively small between 400° C. and 1000° C. as compared with the 
coefficients outside these limits. The tungsten and molybdenum curves 
are slightly convex toward the temperature axis. The coefficients are 
large: 1 ohm of molybdenum at o° C. measuring 5.7 ohms at 1000° C. 
and 1 ohm of tungsten at o° C. measuring 6.9 ohms at 1000° C, 

It is intended to extend the work to a large number of substances. 


THE SPECTRA OF SOME GASES IN THE REGION OF EXTREMELY 
SHort Wave-Lencru.! 


By THEODORE LYMAN. 


HE paper deals with experiments on the spectra of oxygen, nitrogen, 
carbon monoxide, carbon dioxide, helium and argon. The re- 
sults confirm the statements which the writer has already made on this 
subject : Oxygen, nitrogen and helium give no spectra in the region be- 
tween A1850 and A1250 of sufficient strength to be observed with the 
writer’s spectroscope. 
Carbon monoxide and carbon dioxide give the same spectrum. The 
greater part of the present paper is devoted to the measurement of the 
bands of this spectrum. The laws of Deslandres are applied to the data 


1 Abstract of a paper presented at the Boston meeting of the Physical Society, De- 
cember 28-31, 1909. 
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with the result that the carbon bands in the region of the extreme 
ultra-violet appear to form a continuation of the scheme proposed by 
Deslandres for the bands between 42000 and 43000, 

It is hoped that the values of the wave-lengths given in this paper may 
prove of use to those working in this region. 


THE Fitow or A GAS THROUGH A CAPILLARY TuBE.! 
By WILLARD J, FisHrrR. 


N a previous article’ there was proposed as a second approximation 
for the equation representing the flow of a gas in a capillary tube 


the equation 
Ars 4° 142 : 
I (: be a) (4 i — Ati) 
) 


which is based upon the equation of expansion 
p= kp"; 
and it was shown that 7 must lie between the limits 1 and y = C,/C., 
If m = 1, the equation reduces to the well-known form of O. E. Meyer. 
Assuming that all the quantities entering into the equation have been 


experimentally determined, with the exception of 4 and z, then 7 isa 
function of ”, and 
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if f is taken equal to f,. This is negative for all the possible values of 
n, hence 7 diminishes with increasing #, and vice versa. 

In the use of O. E. Meyer’s equation # is taken equal to 1, while its 
true value is certainly greater. Hence the deduced values of 7 are cer- 
tainly too large, and the value of C/X too small. 

Further, gases with large values of y, like helium or air, allow ” a 
wider range of variation than those with a small value, like CH,Cl; 
hence it is probable that # —1 is actually larger for high values of 7 than 
for small; and the computed values of C/K based upon ” = 1 would 
then be progressively too small as y increases — which is apparently the 
fact. 

It is not probable that # is actually constant throughout a capillary 
tube. The expansion is probably nearly isothermal in the neighborhood 
of the walls, and less so in the central stream, so that # is a function of 
position. 

1 Abstract of a paper presented at the Boston meeting of the Physical Society, 


December 28-31, 1909. 
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EFFect OF SURFACE TENSION UPON A FALLING JET OF WATER.’ 


By F, R. WATSON. 


F a stream of water flows from the lower end of a vertical tube the 
cross-section of the stream gets less and less due to the contractive 
force of surface tension until finally the stream is broken into drops. If, 
however, an obstacle is placed in the path of the water near its exit from 
the tube the form of the stream is changed. It now appears as a series 
of beads of water connected together, the size of the beads diminishing 
from the top down. 

Although no mathematical solution is offered at this time, a simple 
explanation may not be out of place. The obstacle may be thought of 
as sending a train of waves upward along the surface of the jet, in the 
same way that a vertical fishline in a moving stream sends ripple waves 
against the current. The wave form is stationary, and indicates that the 
velocity of the ripple wave is equal and opposite to that of the current 
at every point. In the case of the vertical jet the velocity of the water 
increases as it falls, so that the wave-length gets shorter and shorter the 
further the stream falls. 

The jets were produced by allowing water to fall from the end of 
a siphon on toaglasssphere. It is necessary that the flow be symmetrical 
on the sphere, otherwise the jet will be pulled away from the vertical. 
The head of water pressure is kept constant by having the water supply 
in a dish of large diameter which is continuously replenished by a regu- 
lated stream of water. The difference in levels between the water in the 
supply dish and the end of the siphon was less than a centimeter. 


S1nGLE-LINE SERIES IN THE SPECTRA OF CA AND Sr.! 
By F. A. SAUNDERS. 


HE ‘‘ combination principle’’ discovered by Ritz leads us to expect 

to find single-line series in the spectra of Ca and Sr, related to the 
strong ultra-violet series announced a year ago.’ If we take the number 
of waves per cm. in vacuo for each line of the two ultra-violet series and 
subtract from each value a constant (21849 for Ca, 20149 for Sr), we 
obtain the wave-numbers of two new series, whose approximate wave- 
lengths are: Ca, 5042, 4527, 4240, 4059, 3946; Sr, 4755, 4481, 
4313, 4203. These lines are all faint and hazy; the last ones are 
particularly difficult objects, and were found only by reducing the pres- 
sure about the arc. The aspect of the lines leads one to classify these 
1 Abstract of a paper presented at the Boston meeting of the Physical Society, 


December 28-31, 1909. 
2 Puys. Rev., XXVIII., 152, 1909. 
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series as of the ‘‘ second subordinate’’ type. The agreement between 
calculated and observed wave-lengths is within o.1 A.U. for the first two 
lines; 0.5 A.U. for all. 

The blue and violet regions of these spectra contain other single lines, 
most of which are seen to belong to companion series, running to the 
same end as the above. The approximate wave-lengths are: Ca, 4878, 
4355, 4109, [3973], 3890; Sr, 5156, 4678, 4406, 4254. The Ca 
line at 3973 was not observed on account of the nearness of the very 
much stronger triplet-line 3973.89. According to the aspect of the 
lines, these series are of the ‘‘ first subordinate’’ type. They are very 
diffuse unless the pressure about the arc is greatly reduced. They show 
a large ‘‘ pressure shift’’; that is, their density maximum with arc in air 
is not in the same place as when the arc is under reduced pressure (meas- 
ured with reference to unaffected lines). All these series are ‘‘arc’’ 
lines, diminished in strength by reduction of pressure and appearing with 
reduced intensity in the spark. 

The new ‘first subordinate’’ series can be satisfactorily represented 
by three constant formulz almost of the Ritz type. The ultra-violet 
series and the ‘‘second subordinate’’ series (which have the same 
formula except for the end-constant) are more difficult, but can be repre- 
sented by four-constant formule. The two latter might, perhaps, at 
first sight be regarded as a single series of very wide pairs; this seems 
impossible, however, when the utterly different appearance of the lines 
is considered, the ultra-violet ones being strong and heavily reversed ; 
the others weak and not reversed. ‘Their relations, doubtless very 
intimate, will be shown by means of their formule. 


COEFFICIENTS OF LINEAR EXPANSION AT Low ‘TEMPERATURES.' 


By HeErBEertT G. DORSEY. 


HIS is a continuation of work already published.* The specimen 

to be examined is in the form of a hollow cylinder and its changes 

in length are measured while in vacuo by means of interference bands of 

green mercury light. The coefficients are measured for 40° intervals 
between + 20° and — 180° C. 

Curves were given for eight specimens of iron-carbon alloys ranging 
from 0.058 per cent. carbon to 1.38 percent. At o° C. the coefficient 
decreases steadily from 1150 x 10~* for 0.058 per cent. carbon to a min- 
imum of 1055 x 10° forabout 1.25 per cent. carbon and then increases. 
At lower temperatures no such regularity exists but at — 140° the coeffi- 

1 Abstract of a paper presented at the Boston meeting of the Physical Society, 


December 28-31, 1909. 
2Puys. Rev., Vol. XXV., p. 88, 1907, and Vol. XXVIL., p. 1, 1908. 
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cients have decreased to 600 x 10~* or less. The average coefficient 
between + 20° and — 180° is nearly astraight line between 930 x 107° 
for carbonless iron and 840 x 10~* for 1.4 per cent. carbon, by extra- 
polation. 

Curves and data were also given for fused silica. Besides the many 
remarkable properties of this material, a thick rod of it if not annealed 
is in a state of strain and a diamond scratch will produce a crack clear 
around the rod. ‘Three specimens were tested, both in the annealed con- 
dition and after being quenched in water from a yellow heat. Curves 
plotted from the average values in the two states are nearly parallel, the 
curve of the quenched values being about 60 X 10~* below that of the 
annealed. The actual values of the coefficients being + 393 X 107° at 
o° and — 661 x 107° at — 160° for the annealed while corresponding 
values for the quenched are + 297 x 107-* and — 715 X 107%. 


Some MINUTE PHENOMENA OF ELECTROLYsIS.' 


By H. W. Morse. 


F pure water is electrolyzed between silver electrodes of small area at 
a voltage of 1.5 to 2.5 volts no gas appears at the electrodes. 
Instead a cloud is sent out from the anode and this moves along the cur- 
rent lines to the kathode, where metallic silver begins to separate. Very 
slight quantities of electrolytes prevent the phenomenon completely, as 
low as 0.0003 normal for some salts. The cloud appears under higher 
power as made up of approximately spherical particles, probably of silver 
oxide, in rapid Brownian motion. On coagulation, the particles collect 
in bunches which are frequently symmetric along three axes. 


THE PHOTOGRAPHIC EVIDENCE FOR DISPERSION OF LIGHT IN 
Space — Is 1T A PuRELY PHOTOGRAPHIC PHENOMENON ?! 


By HERBERT E. Ives. 


TIKHOFF®?® found on star photographs taken through colored 

e glasses that the faint stars were more distinct on the negatives 
taken with light of longer wave-length. He argued that this proved dis- 
persion or scattering of light in space. The faint stars are presumably, 
on the whole, more distant, and their light would be more subject to 
scattering. The scattering would be greater the shorter the wave-length. 
There is involved in this argument the assumption that the scale of 
gradation of the photographic plate is the same for all wave-lengths. 
1 Abstract of a paper presented at the Boston meeting of the Physical Society, 
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According to Abney and Eder this is not true. According to Leimbach 
it is true for normal exposure and the one mode of development used in 
his investigation. 

Two phenomena of the photographic plate have been investigated with 
this particular question (space dispersion) in view. First, is the fact 
that a ‘‘red’’ image has been observed to develop up more slowly than 
a ‘*blue,’’ though giving the same final density. Second, ina plate 
sensitized by bathing the sensitive layer is very thin. Either of these 
conditions might result in ‘‘red’’ and ‘‘ blue’’ plates being exposed in 
different parts of their characteristic curves, or having different charac- 
teristic curves, although developed in the same way to the same density. 

Simultaneous red and blue exposures of gradually increasing length 
were made on three types of plates. First, an isochromatic plate, not 
very sensitive to red, in which the sensitizer was incorporated in the 
emulsion. Second, a plate sensitized to red by bathing with pinacyanol. 
Third, a Cramer ‘‘ spectrum ’’ plate, sensitizer in the emulsion, quite sen- 
sitive to red. Long and short development were tried with all. 

The results demonstrated that under laboratory conditions, where there 
is no question of space dispersion, either one of three conditions may be 
exhibited by the photographic plate. The scale of gradation may be 
steeper for red, for blue, or the same for each. ‘The determining factor 
is apparently the relative thickness of sensitive film. Where it is neces- 
sary to depend on long development to obtain the full density of the red 
image a thicker layer of emulsion is used than for the blue, owing to the 
opacity of the silver bromide to blue light. Hence, it is possible to 
have a longer range of gradation in the redimage. When the red sensitive 
layer is thin, as in the bathed plate, the blue image is thicker and pos- 
sesses (on long development) a greater range of densities. When the 
red sensitive layer is thick, and its effective sensitiveness near that of the 
blue, both images may be of nearly the same thickness and gradation. 

It is, therefore, possible to obtain, on bathed plates, from purely pho- 
tographic causes, the phenomenon observed by Tikhof. ‘The photo- 
graphic evidence for dispersion in space is, therefore, inconclusive, unless 
it be first proved by laboratory test that the plates as used cannot them- 
selves be responsible for the effect observed. 


THE Rotatory DIsPERSION OF QUARTZ AT — 190° AND 
OBSERVATIONS AT OTHER TEMPERATURES.’ 
By F. A. Mopy. 
HE work described inthis paper is an extension of the work with 
rotatory quartz at low temperature, the method of which was 


1 Abstract of a paper presented at the Boston meeting of the Physical Society, 
December 28-31, Igo9. 
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described in the PuysicaL REviEw, January, 1909. An effort has been 
made to obtain direct measurements with accuracy ; the Lippich polari- 
scope has been used, with several light sources covering the range of the 
visible spectrum. Two plates of L and two of R quartz, aggregating 
13.258 mm. have been studied by the writer. The measurements made 
at room temperature agree closely with the published values for the 
specific rotation of quartz, the L quartz also agreeing with the R quartz 
to one part in 2,000 at all temperatures used. The writer finds that on 
reducing the temperature of the quartz from 24° to — 188° the rotation 
is diminished by the proportionate parts, 10/400, 10/427, 10/424, 10/427, 
10/429 and 10/429 respectively for the wave-lengths 435.9, 491.6, 546.1, 
579, 589.25 and 670.84. Becquerel reports’ that by a photographic 
method he found a decrease on cooling from room to liquid air tempera- 
ture, of approximately 1/43 for various wave-lengths. Curves showing 
the way in which the rotation depends upon temperature over the range 
of 212° C. were shown. Curves showing the relation of rotatory power 
to temperature for the volatile oil, limonene, were also shown. Simi- 
larities are noted in the effect of temperature upon the rotatory power of 
the two substances, though cooling has the effect of increasing, not 
diminishing, the rotatory power of the limonene. 


THE THEORY OF THE VIBRATION GALVANOMETER.’” 
By F, WENNER. 


SOLUTION of the fundamental galvanometer equation is obtained 
giving the amplitude of the vibration in terms of the amplitude 
and frequency of the current and the intrinsic constant of the instrument. 
Attention is called to the electromotive force developed by the relative 
motion between the magnet and winding of a galvanometer, and it is 
pointed out that the energy available for producing a deflection is the 
time integral of the product of the current and the generated or back 
electromotive force. In the vibration galvanometer the power available 
for maintaining the vibration is the product of the current and back 
electromotive force into the cosine, of their phase angle. This back 
electromotive force is expressed in terms of the amplitude and frequency 
of the vibration and one of the intrinsic constants. 
Taking for the current the vector sum of the impressed and back elec- 
tromotive forces divided by the resistance of the galvanometer circuit, a 
relation is obtained giving the amplitude of the vibration in terms of 


1Comptes Rendus, December 14, 1908. 
? Abstract of a paper presented at the Boston meeting of the Physical Society, December 
28-31, 1909. 
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the effective value and frequency of the impressed electromotive force and 
the intrinsic constants of the instrument.’ 


Tue RectiryinGc Errect 1nN Point AND PLANE DISCHARGE.” 


By Rost. F, EARHART AND CHAS, H. LAKE. 


HE authors have sought to make quantitative measurements on the 
rectifying effect produced in the point to plane discharge. 

A discharge chamber into which various gases could be introduced 
was used. Suitable connections with air-pump and McLeod gauge per- 
mitted accurate measurements of pressure within the chamber. 

The electrodes consisted of a pointed Pt wire and a brass disk 3.8 cm. 
in diameter. The distance between the electrodes was varied from 2.5 
mm. to 2 cm. 

With point negative a lower potential difference sufficed to produce a 
discharge than when the point was made positive. 

Families of curves show graphically the discharge potential under 
various conditions of distance, pressure and polarity. 

Measurements of the potential difference to produce discharge were 
made with a Weston voltmeter. The results show that within the limits 
of the experiment the most favorable conditions for rectification in air 
occurs at a pressure of about 1 mm. Hg and a distance of 2 cm. between 
the electrodes. 





Tue FREEzING OF Mercury AT HIGH PREssuURES.’ 
By P. W. BRIDGMAN, 


HEN a metal solidifies it suffers in general a discontinuous change 
in its electrical resistance. Mercury is enclosed in a fine glass 
capillary and the resistance measured at various temperatures as a func- 
tion of the pressure. Freezing is indicated by a sudden decrease in the 
resistance to about one quarter of its value for the liquid. In this way 
the freezing curve has been followed from — 15° C. to + 21.5°C., the 
pressure required to produce solidification at 21.5° being almost exactly 
12,000 kgm. percm’. Furthermore, over this range the curve is linear 
with a probable error of less than ;, per cent., the line passing through 
the freezing point at atmospheric pressure. The increment of pressure 
per degree rise of the freezing point is 198.7 kgm./cm*. The value 
calculated from Clapeyron’s equation is 197, taking as the heat of freez- 
1The theory of the vibration galvanometer is discussed fully in a paper being pub- 
lished in Vol. 6 of the Bulletin of the Bureau of Standards. 
2 Abstract of a paper presented at the Boston meeting of the Physical Society» 
December 28-31, 1909. 
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ing 2.82 cal., and as the change of volume on freezing 0.00260. The 
agreement is within the errors of the determination of these last two 
quantities. 
THE J&FFERSON PHYSICAL LABORATORY, 
HARVARD UNIVERSITY. 


Tue Errect oF PRESSURE ON THE ELECTROLYTIC RECTIFIER.’ 
By A. P. CARMAN AND G. J. BALZER. 


LARGE number of oscillograph curves were photographed of the 
alternating current through different electrolytic rectifiers at pres- 
sures from 15 centimeters of mercury up to 21 atmospheres and at different 
temperatures. These curves show that at the higher pressures the recti- 
fying property decreased so that at 21 atmospheres a cell with aluminum- 
carbon electrodes and alum for electrolyte showed about half rectifi- 
cation. The property of rectification was regained when the pressure 
was reduced. Increase of temperature is also shown to act similarly to 
increase of pressure, but the cell does not recover its rectifying properties 
when the temperature is lowered again. Observations were also made on 
the deposits formed on the electrode. The bearings on the theories 
advanced were briefly discussed. Slides of the oscillograms and readings 
of currents and electromotive forces were shown. 


On THE SECONDARY § RADIATION FROM SOLIDS, SOLUTIONS AND 
LiguiDs.' 


By S. J. ALLEN. 


HIS paper is a continuation of the work published under the same 
title in the PuysicaL Review for September, 1909. The main 
facts brought out in that research may be summarized as follows : 

1. Solids. — The results obtained for the pure elements. agree in 
general with those obtained by other investigators, and show that the 
secondary radiation is some function of the atomic weights, increasing 
with increase of atomic weight. The penetrating power of the rays does 
not differ very much for the different atoms, but was nearly a constant 
for the angle of incidence used (about 70°). 

The secondary rays from salts, and compound substances, such as sugar, 
do not in general bear any definite relation to the sum of the atomic 
weights (molecular weights), but the presence of an atom of high atomic 
weight can always be seen by an increase in the radiation. 


1 Abstract of a paper presented at the Boston meeting of the Physical Society, 
December 28-31, 1909. 
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2. Agueous Solutions. — The secondary rays from solutions increase 
with the concentration of the solute and for light atoms and small con- 
centration the increase is nearly proportional to the concentration, but 
for high concentrations there isa tendency towards saturation. If several 
solutions of equal concentrations and containing a common constituent 
(¢. g., the chlorides) are taken then the radiation increases very rapidly 
with the atomic weight of the other constituent. If substances such as 
sugar, tartaric acid, acetic acid, which have the same intrinsic radiation 
as the solvent, are dissolved, the radiation keeps constant for any con- 
centration. 

3. Pure Liquids. —The secondary radiations from pure liquids are in 
general very complex and surprising. No prediction can be made 
beforehand from a knowledge of the secondary radiation of the-constitu- 
ents just what the radiation from the compound will prove to be. It 
certainly is not a function of the molecular weight. The various com- 
pounds of C, H and O differ considerably in radiating power. There is 
a large group of liquids having a radiation about equal to that of alcohol, 
and a group like the esters and amylene which has a much lower radiation. 

The presence of an atom of high atomic weight generally manifests 
itself by an increase of radiation though there are several remarkable 
exceptions. The group of halides (compounds of Cl, Br and 1) show 
the greatest effects. Propyl bromide hasa radiation of 230, while propyl 
chloride only has a radiation of 80. On the other hand, ethylene 
bromide has a radiation of 245, while ethylene chloride jumps to 284. 
Here the substitution of ethylene for the propyl constituent causes an 
enormous increase for the chloride but not for the bromide, which is 
certainly not due to the atoms alone. This phenomenon is character- 
istic of all the results, though not to such a great extent. 

It seems very evident from this research that in a compound containing 
several atoms the secondary radiation is not a function of the molecular 
weight, but that there are in many cases other effects entering which 
may be so great as to almost entirely dominate the final result. It may 
be that the way in which the atoms are bound together to form molecules 
or the aggregation of the molecules themselves may have large influences 
on the radiation. 

The results obtained by the author in the paper referred to above were 
only for one angle of incidence. Since McClelland has shown that the 
angle of incidence has a large effect in determining the amount of sec- 
ondary radiation the author has made a fresh set of observations at dif- 
ferent angles which are given in the present paper. Also at the same 
time the decrease of radiation caused by passing through a definite thick- 
ness of tirifoil was measured. 

The apparatus used and the methods employed are the same as before. 
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The radium was placed in a block of lead which could be placed so that 
the primary f rays fell upon the substance to be tested at any desired 
angle. 

Only those substances were tested which gave marked effects, viz. : 
water, alcohol, esters, the halides, saturated solutions of KI, Cdl,, 
Pb(NO,), and CuCl,, and some of the metals. A few of the results for 
solids, liquids and solutions are expressed in the following table. The 
figures there given are in arbitrary units ; (a) representing those without, 
and (4) those through .oo1 mm. of tinfoil. 



































Radiation. | % Unabsorbed Rays. 
Substance. aT Pe 
e | ww | » | & | go? | go? 

(a) | (8) | (a) | (4) | (a) | () 
Lead. 600 400 665 | 440 688 490) 66.7 | 66.2 71.0 
Aluminum. 205 115 260 153370 248' 56.1| 58.8 67.2 
Paper. 134 64 180 100/292 203 47.7) 55.5 69.5 
Potassium iodide. 315 192 381 231 471 312 61.0 | 60.7 66.4 
Copper chloride. 190 114 259 133 357 229 60.0 | 53.2 65.0 
Ethyl iodide. 481 307 541 — 600 397 64.0) — | 66.2 
Tetra brom. acetylene. | 388 | 257 481 281 530 347 66.0 | 58.6 65.8 
Ethylene chloride. | 358 | 228 441 258 503 333 63.7 | 58.5 66.2 
Ethylene bromide. ' 323 | 207 | 382 223/493 — | 64.0| 584) — 
Chloroform. | 262 | 154 | 304 | 182| 419 273 | 58.6 | 60.2 | 65.9 
Water. 114, 69/170; 96 280 | 182 60.5 | 56.5 67.5 
__ Esters. | 74| 46| 150! 77/235 154, 62.0| 51.0 65.6 








We see at once from an examination of these results that the radiation 
from the heavy atoms does not increase very much with the angle of 
incidence. Lead only increases by about 15 per cent. when the angle is 
changed from 0° to 50°. On the other hand the radiation from the 
light atoms increases very rapidly when the angle is increased. From 
0° to 50° paper increases by 118 percent. ‘The same is true for the 
solutions and liquids. The esters, from o° to 50° increase by about 
217 per cent. 

These results agree with those obtained by McClelland for solids. It 
is also seen that the relative order of the substances at one angle of inci- 
dence is the same as at any other angle. Any two substances which have 
the same radiation at one angle will have an equal radiation at any other 
angle of incidence. Ethylene chloride shows anomalous results at *all 
angles of incidence. ‘The angle of incidence does not change the rela- 
tive order of the radiating power but only the magnitude. 

The penetrating power of the rays from heavy atoms at normal inci- 
dence is greater than for the light atoms, but at a large angle of incidence 
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the penetrating power of the rays is practically independent of the atomic 
weight. It seems almost certain that the secondary rays are due toa 
scattering of the primary rays and not to a disintegration of the atom. 
Also, no simple hypothesis, which assumes that the radiation is a function 
of the atomic weights is alone sufficient to account for the observed 
effects in the case of compounds. 

UNIVERSITY OF CINCINNATI. 


URANOUS AND URANYL Banps. A VERY FINE BAND ABSORPTION 
SOLUTION SPECTRUM.! 


By W. W. STRONG. 


P to the present time practically no work has been done upon the 
absorption spectra of uranous salts. A great many of the uran- 
ous salts in solution show the uranyl bands much more sharply defined 
than corresponding uranyl solutions. Besides these uranyl bands there 
are several other bands in the green, yellow and red which never appear 
in uranyl solutions. Whether the uranyl bands come from any unreduced 
uranyl salts or from the uranous salt is uncertain. In general all uranous 
salts show bands very similiar to the uranyl bands and in the same region 
of the spectrum. These bands are affected in the same way by chemical 
reagents as the urany] bands. 

Uranous acetate, bromide, chloride and sulphate have been investi- 
gated spectroscopically in various solvents. The spectra are very much 
affected by the solvents and by the presence of free acid and the salts of 
other eleicents than uranium. The absorption spectra of various salts in 
the same solvent are in general very much the same, but the absorption 
spectra of the same salt in different solvents is very different. In many 
cases there are distinct water, glycerol, alcohol or acetone bands and 
these bands coexist in mixtures of these solvents. A change of percentage 
of any solvent causes the characteristic bands of that solvent to change in 
intensity. Usually this change in intensity is not accompanied by any 
change in wave-length. On the other hand the general effect of the 
presence of free acid or of foreign salts is to change the wave-length of 
the bands as well as their intensities. (Quite a large number of new bands 
have been discovered. 

When a uranous or uranyl salt is changed to another salt there is 
usually a very marked change in the positions and relative intensities of 
the uranyl bands. A very fine example is the case of uranyl nitrate in 
water to which hydrochloric acid is gradually added. The change of 


1 Abstract of a paper presented at the Boston meeting of the Physical Society, De- 
cember 28-31, 1909. 
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wave-length of the @ nitrate band is quite large and the change of wave- 
length is a gradual one. This is an interesting example where chemical 
changes in solution can be followed spectroscopically and this method 
opens up a new field for studying these changes. 

Accidentally it was found that by adding sulphuric acid toa nitric acid 
solution, the absorption spectra of the solution consisted of large numbers 
of very fine bands. These bands appear to be exactly the same as the 
absorption bands of gaseous nitrous oxide. 

By the study of the uranyl bands when a solvent is gradually replaced 
by another solvent or when a salt is gradually changed into another salt 
some very interesting relationships have been discovered between the 
uranyl bands. These will be published in detail. 

New and quite fine bands have been discovered in the absorption spec- 
trum of uranous chloride in acetone to which some free HCl has been 
added. The uranyl bands are broken into several components —e. g., 
¢ 2 4605, 4.4550; @4 4470 (weak), 44430 (strong), 4 4385 (weak) ; 
¢ 44340 (weak), 4 4290 (strong), 4 4250 (weak) ; £4 4205 (weak), A 
4160 (strong), and 4 4120 (weak). For the uranous chloride solution 
in acetone the uranyl bands are affected in the same way by the addition 
of HCl as are the uranyl bands of uranyl chloride. Very fine acetone 
bands (from ro to 20 a.ii. wide) are at 4A 6780, 6740, 6690, 6625, 6600, 
6555, 6490, 6470, 6040, 6000, 5960, 5910, 5220, 5210 and 5195. 

The effect of free HCl, ZnCl,, AlCl, and CaCl, is to cause the uranyl 
and uranous bands to shift towards the red. Free nitric acid causes the 
uranyl nitrate bands to shift towards the violet. 

The various uranous salts in water show a wide absorption band at 
about 4 6500 and one at 4 6750 about 30 4.ii. wide. As the amount of 
uranous chloride is increased these bands broaden into a single band. 
Glycerol solutions give a strong diffuse band in this region but in no case 
do two bands ever appear. In marked contrast to these solvents, methyl 
and ethyl alcohols and acetone give transmission throughout this region. 
Similar changes occur in other parts of the spectrum. In general the 
glycerol and water spectra are much alike, as are the methyl and ethy] 
alcohol spectra. But these two types of spectra differ much from each 
other, and differ very markedly from the absorption spectra of an acetone 
solution. The absorption bands of an acetone solution are usually much 
sharper than that of any other solvent. 

(A report upon the work on absorption spectra being continued by 
Professor Jones and myself with the aid of a grant from the Carnegie 
Institution of Washington. ) 
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Tue Heat or Ditution oF Aqueous Sart Sorution.' 


By F. L. BisHop. 


HIS is a continuation of the work discussed in a previous paper.’ 

The same apparatus was used, but certain modifications were neces- 
sary because the substances used in the present research, 7. ¢., zinc sul- 
phate, copper sulphate, cadmium sulphate and zinc chloride evolve heat 
upon dilution. 

These modifications were as follows : 

1. The calorimeter was surrounded by a single coil of iron pipe about 
o.8cm. in diameter. This coil was perforated with a large number of 
holes 1 mm. in diameter. Connection was made to a supply of com- 
pressed air which could be maintained at any desired temperature. 

2. A Beckmann thermometer was used which read directly to 1/500 
degree C. 

3. The surface of the calorimeter in contact with the solutions was 
gold plated. This was in turn covered with a thin coating of wax before 
each run. 

The procedure in making a set of readings was as follows : 

The water was placed in the outer calorimeter and the solution in the 
inner. The solution was then run until a state of constant temperature 
was reached when the liquids were mixed and the resulting temperature 
observed. The cold air was then turned into the cooling coil and the 
temperature of the solution reduced to that of the liquids before mixing. 
The apparatus was then run until the temperature remained constant 
when the electric current was turned into the heating coil and the 
change in temperature resulting from diluting the solution was reproduced. 

This method of determining the heat of dilution entirely eliminates 
the errors due to radiation and to thermometers. It avoids among 
other things the determination of the specific heat of the solutions. 

The results indicate that with certain exceptions the heat of dilution 
is a linear function of the concentration. 


EXPERIMENTS IN IMPACT EXCITATION WITH THE LEPEL 
Sincinc Arc. 


Ky G. W. NASMYTH. 


HE Lepel singing arc, which differs from the Duddell and Poulsen 

arcs chiefly in the use of very short arc lengths, obtained by placing 

a few sheets of paper between flat metal electrodes, affords a means of pro- 
1 Abstract of a paper presented at the Boston meeting of the Physical Society, 


December 28-31, 1909. 
*Puys. REV., 26, 169, 1908. 
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ducing high frequency oscillations of considerable power which are only 
slightly damped. Its origin goes back to the discovery by Wien in 1906 
that for small spark-lengths of about o.15 mm. a third maximum appears 
between the two resonance frequencies usually met with in coupled cir- 
cuits. ‘This third maximum is higher than the other two, and its fre- 
quency corresponds to the natural frequency of the antenna, or secondary 
of the coupled circuits. According to the theory of impact excitation 
(‘* Stosserregung ’’) the third wave is explained by the rapid recovery of 
the resistance of short gaps, so that the oscillations in the primary are 
extinguished after they have given up the greater part of their energy to 
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the secondary circuit. The oscillations in the secondary then continue 
as if it were an isolated circuit, with its own natural frequency and 
damping factor. 

The author’s experiments indicate that the phenomena cannot be com- 
pletely explained by the rapid recovery of resistance in the arc due to its 
short length alone. The form of the curves shown in Fig. 1, which give 
the potential difference indicated by a d.c. voltmeter across the arc when 
the current is kept constant and the arc length varied, demonstrates the 
presence of a resonance effect. The capacity of the arc, which at short 
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lengths is about equal to that of a Leyden jar, makes it possible to have 
oscillations set up through the choke coils and dynamo in the main cir- 
cuit, and the relation of the frequency of these oscillations to that of the 
oscillation circuit determines the number and character of the discharges 
through the arc. Curves similar to those of Fig. 1 can be obtained at 
longer arc lengths if a variable capacity is placed in parallel with the arc, 
and it may be possible in this way to obtain impact excitation effects with 
spark gaps of the usual lengths, and with the Duddell singing arc. 
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Although the Lepel arc is in some respects similar to a spark gap, it 
resembles the singing arc more closely in the large number of harmonics 
present, and in its frequency characteristics. Fig. 2 shows that the fre- 
quency, as determined by a loosely coupled resonance circuit, increases 
with the arc current; it also decreases with increasing arc length, in 
accordance with the equation for the frequency of the singing arc.’ 
The arc length was 0.15 mm. using three sheets of W. S. & B. Paragon 
paper, and the electrodes were copper plates six inches in diameter. The 
primary capacity was 0.0094 m.f., inductance 14,100 cm. and the 
applied E.M.F. 500 volts d.c. 


2 Puys. REV., 37, 2, p. 139, 1908. 
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PuysicAL PROPERTIES OF Binary Liguip Mixtures.’ 
By J. C, HuspBarp. 


EASUREMENTS have been made of the densities and indices of 
refraction of six binary mixtures with, in each case, from ten to 
twenty different percentages of composition. The densities have been 
measured at two temperatures ; the indices of refraction for one tempera- 
ture and for four wave-lengths (lines C, D, ¥, G’). For the purpose of 
securing a broader basis of comparison mixtures were chosen for which 
the vapor pressures had already been carefully studied by Zawidzki,’ viz., 
carbon disulphide and acetone, carbon disulphide and methylal, acetone 
and chloroform, ethyl iodide and ethyl acetate, carbon tetrachloride and 
benzol, acetic acid and benzol. ‘The substances were purified by Mr. C. 
W. Bacon, of the Department of Chemistry of Clark University. 
The following are some of the conclusions resulting from the work : 
1. The deviations of specific volume from the additive law are greater 
in absolute value at the higher temperature. 
2. Deviations from the additive law for specific volumes and for vapor 
pressures are of the same sign. 
3. Deviations of the refractivity are of either sign, and may increase 
or decrease with the wave-length. 
4. The Pulfrich * ‘‘ constant ’’ ¢ in the equation 


(V—N,)/N=c(D—D)|/D 


may vary within wide limits. 

5. There is evidence supporting the hypothesis of Dolezalek*‘ that the 
deviation may be explained by the dissociation in the mixture of mole- 
cules which are associated in the pure state. 

CLARK COLLEGE. 


On THE UsE oF PoLarR COORDINATES IN THERMODYNAMICS.! 
By J. C. HuBBARD. 


ET the absolute temperature Z be plotted as radius vector and let 

the entropy S— 5S, of the system with respect to that of the 

standard state be represented by the angular displacement of the radius 
vector from its position of reference 5,. 


’ Abstract of a paper presented at the Boston meeting of the Physical Society, De- 
cember 28-31, 1909. 
*Zawidzki, Zs. Phys. Chem., 35, p. 129, 1900. 
§ Pulfrich, Zs. Phys. Chem., 4, p. 561, 1889. 
* Dolezalek, Zs. Phys. Chem., 64, p. 727, 1908. 
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In a reversible transformation 
dQ=T-dS. 
Quantity of heat is therefore represented by an arc. In the transforma-. 
tion AC (see figure) 


Q= f T-dS= T(S—S,), where T Bdheg 
= ° = —, » where = * —_ ° 
= s=E 


It is clear that the value of the integral depends upon the path and that 
@Q is not a perfect differential. 

In a reversible isothermal transformation we have Q/7=S—5,. 
Arc divided by the radius is an angle. Q, 

In a positive transformation the entropy B A 
increases, the radius vector turning in 
the anti-clockwise direction. The rever- 
sible adiabatic transformation is isen- 
tropic. Adiabatic lines are therefore 
radii. ‘The Carnot cycle is therefore 
represented by 4 8CDA and it is visually 
evident that, since Q,/7,= Q,/7,= 
Q,/ 7,, as the temperature of the refriger- 
ator is made lower and lower the quan- 
tity of heat given to it is less and less 
and at the absolute zero the heat would 
all be converted into work. 

The unavailable energy at 7, with 
reference to the auxiliary medium at 7, 
is, in a reversible process, represented 
by the line 4F = Q, = (7,/7,)Q,. 
As 7, is lowered Q, and AF diminish. 

The available energy is represented by 7, or 





Q- = (1-7), 


which is greater as 7, becomes less. 

As an example of an irreversible process we may consider heat conduc- 
tion, in which Q, remains constant and is completely unavailable. As 
the radius is diminished the arc remains constant, the entropy increasing 
without limit as 7, approaches zero. The path of the transformation is 
the hyperbolic spiral Q = S7 = const. 

In any irreversible process the increase of unavailable energy calls for 
an increase of entropy with respect to the auxiliary medium at 7;,. 
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The main advantage of the use of polar codrdinates in thermodynamics 
lies in the fact that work and heat may be represented by lines and the 
results of a process are more easy of comprehension than when they are 
represented by areas. 

CLARK COLLEGE. 


NOTE ON THE CAUSE OF THE DISCREPANCY BETWEEN THE OBSERVED 
AND THE CALCULATED TEMPERATURES AFTER EXPANSION 
IN THE SPACE BETWEEN THE PLATES OF A 
Witson Expansion APPaARATUus.' 


By R. A. MILLIKAN, E. K. CHAPMAN AND H, W. Moopy. 


N a paper presented to the Physical Society at Princeton on October 
23, one of the authors showed that the actual fall of temperature 
between electrodes 5 mm. apart in a Wilson expansion apparatus was not 
more than 0.8° C. under conditions in which the calculated equilibrium 
temperature after condensation was more than 12° below the initial 
temperature. 
The cause of this discrepancy has been definitely located in the very 
rapid inflow of heat from the metal electrodes into the space between them. 
In the middle of a two-liter flask one third full of water was placed 
a thermo couple made of iron and copper wires, 1 mil. (.o25 mm.) in 
diameter. Metal plates 3 cm. in diameter were placed on either side of 
this copper-iron junction and were so supported that their distances from 
the couple might be increased or decreased at will. When the distance 
from each plate to the couple was 3 cm. the thermal current through the 
galvanometer produced by an expansion of 25 cm. of mercury was suffi- 
cient to cause a galvanometer deflection of go scale divisions. As the 
distance from the couple to the plates was decreased this deflection, under 
otherwise identical conditions, gradually diminished until, when the dis- 
tance from each plate to the couple was 3 mm., the deflection had fallen 
to only ro mm. In other words the fall in temperature as measured by 
the couple had been reduced by the approach of the metal plates to one 
ninth its original value. When the plates were again removed the 
deflections increased regularly and at the original distance had regained 
their original value. These observations were repeated a large number of 
times with uniformly consistent results. It is perhaps worthy of note 
that when a water surface was made to approach the couple under condi- 
tions essentially the same as those used in the approach of the metal sur- 
faces, the diminution in the deflection of the galvanometer was very 


1 Abstract of a paper presented at the Boston Meeting of the Physical Society, De- 
cember 28-31, 1909. 
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slight. In one experiment the level of the water in the jar was raised 
from a distance of 10 cm. below the couple to a distance of only 2 mm. 
below the couple without causing a change in the galvanometer deflec- 
tion of more than 15 mm. out of a total of 95 mm. 


SomeE New VALUES OF THE POSITIVE POTENTIALS ASSUMED BY 
METALs IN A HIGH VACUUM UNDER THE INFLUENCE OF 
UctTrRA-VIOLET LiGur.' 


By R. A. MILLIKAN, 


LL previous observations upon the positive potentials assumed by 
metals under the influence of ultra-violet light have given values 
falling between o and 5 volts. The observations herewith reported were 
made upon five different metals, four of which had been kept for three years 
in the best possible vacuum obtainable with a mercury pump without the 
aid of a charcoal bulb and liquid air. The average pressure within the 
vacuum chamber, as measured by a McLeod gauge, was between .oooo! 
and .coooor mm. of mercury. Observations taken upon these same four 
metals three years ago when they were first inserted in the vacuum cham- 
ber gave values of the positive potentials varying between o and 1.34 
volts. The values now obtained with the same source as that originally 
used are from ten to thirty times larger. Thus, the original value 
observed in the case of silver was 1.34 volts; the largest value observed 
in these later experiments is 10.5 volts. The original value in the case 
of zinc was .2 volt; a value 30 times larger, namely, 6.6 volts has 
recently been obtained. ‘The original value in the case of iron was 1.2 
volts ; it is now 15.4 volts. Copper showed at first a potential of 1.1 
volts ; it now shows a potential of more than 20 volts. 

These increases have been brought about in part, at least, if not wholly, 
by prolonged and powerful illumination of the surfaces of the metals with 
ultra-violet light. 

The fifth metal experimented upon has been aluminum. It was placed 
six months ago in the best vacuum obtainable by Dewar’s method. Under 
powerful illumination continued intermittently for three weeks its posi- 
tive potential has gradually been pushed up from an initial value of .25 
volt to a present value of 12.5 volts. The increase pertains not merely 
to the maximum value of the positive potential but also to the rate at 
which positive potential is gained at any potential between zero and the 
maximum. Curves showing the distribution of the velocities of the 
escaping electrons will be published later. 


1 Abstract of a paper presented at the Boston meeting of the Physical Society, Decem- 
ber 28-31, 1909. 
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A plausible explanation of this change in the apparent velocity of pro- 
ection of electrons from metals is found in the assumption that there 
exists at the surface of every metal, even in a good vacuum, a gaseous film 
which gives rise to an electrical double layer of negative sign on the out- 
side, positive on the inside. Electrons liberated by the ultra-violet light 
are retarded in passing out through this film and escape with a velocity 
of but 2 or 3 volts at most. Prolonged illumination with ultra-violet 
light drives out this gas and breaks up the double layer. The electrons 
then escape with their initial velocities of projection. Experiments are 
in progress to test more fully this hypothesis, and in particular to deter- 
mine the effect of wave-length including those of the Schumann region 
upon these high positive potentials. 

The phenomena herewith reported were first observed in the case of 
silver in January, 1908, and publication until they could be checked with 
other metals and in other tubes. 

UNIVERSITY OF CHICAGO, 


On THE RELATIVE NUMBERS OF POSITIVE AND NEGATIVE IONS 
PRESENT IN ATMOSPHERIC ArR.' 


By Mr. A. THomson, B.A. 
(PRESENTED BY Pror. J. C. McLENNAN. ) 


N this paper the author gave an account of a series of observations on 
the electrical conductivity of atmospheric air under electrical fields 
similar to those which obtain under natural conditions. The measure- 
ments were carried out with a Wilson electrometer, the use of which 
rendered it possible to study the conductivity of the air in its undisturbed 
state. 

Observations were made with positive and negative fields on the natural 
conductivity of the air and also on atmospheric air ionized by gamma rays 
from radium of varying intensities. 

In these experiments it was found that the positive current was gener- 
ally greater than the negative one. Variations in the size of the plate 
electrode in the Wilson instrument did not appear to exert any marked 
effect on the ratio of the two current intensities. With high fields, how- 
ever, the positive and negative currents more nearly approached equality 
than when lower ones were used. 

Measurements made when slight air currents such as draughts existed 
in the observation room always showed an increase in ratio of the positive 
to the negative current. In some cases the ratio of the two currents in 
the presence of air cuirrents was as high as 1.3 to 1. 


1 Abstract of a paper presented at the Boston meeting of the Physical Society, 
December 28-31, 1909. 
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A lighted Bunsen flame placed in the neighborhood of the air ionized 
by gamma rays always produced a marked diminution in both the positive 
and the negative currents. The presence of such a flame in the room 
was also found to increase the ratio of the positive to the negative current. 

Differences in the positive and negative currents such as those noted 
above when observed in connection with measurements on the conductivity 
of air under natural conditions have in the past been taken as indicating 
an excess of positive ions in the atmosphere but since in the experiments 
. described above equal quantities of positive and negative ions were pro- 
duced by the gamma rays it is clear that the difference in the two currents 
must be ascribed not so much to differences in the number of ions of each 
kind present, but rather to differences in the mobilities of the positive 
and negative ions, and to differences in their rates of diffusion. 

The results confirm the observations made by Eve' with an Ebert 
apparatus, and they indicate that the readings of the Wilson type of elec 
trometer as well as those of the Ebert apparatus may be misleading if they 
are taken as indicating a large excess of positive over negative ions in 
the air. 


URANOUS AND URANYL Banps. A FINE BANnpD SOLUTION SPECTRA.’ 
By W. W. STRONG. 


to the present very little spectroscopic work has been done with 

uranous salts. In the present work uranous acetate, bromide, 
chloride and sulphate have been studied in various solvents and the ab- 
sorption spectra photographed. Most of the uranous salts show the 
uranyl bands. The spectra of the different salts in the same solvent are 
very similar whereas the spectra of the same salt in different solvents is 
entirely different. In many cases there are distinct water, glycerol, 
alcohol or acetone bands and these bands coexist in mixtures of the sol- 
vents. These solvent bands do not shift as the amount of the particular 
solvent is changed but only change in intensity. For example the vari- 
ous uranous salts in water show a wide band at 4 6500 and a characteristic 
water band at 16750, 30 a.u. wide. Glycerol solutions give a wide 
band in this region but in no case do two bands appear. Alcohol and 
acetone solutions do not have any bands at all in this region. There are 
probably no other salts whose spectra are more affected by physical and 
chemical conditions than those of the uranous salts. 
‘ Characteristic solvent bands indicate a very definite relationship be- 
tween salt and solvent. 

1 Nature, March 11, 1909. 

? Abstract of a paper presented at the Boston meeting of the Physical Society, Decem- 
ber 28-31, 1909. 
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On the other hand there are bands that gradually shift in position as 
the solvent is changed. The shifts are usually very different for neigh- 
boring bands. The effect of the solvent is probably very different here 
from what it is in the case of characteristic solvent bands. 

A large number of new bands and new groups of bands have been 
discovered. In some cases these bands are quite fine, and by using cer- 
tain acids the uranyl bands have been broken up into narrow component 
bands, a resolution that has heretofore only been accomplished by very 
low temperatures. 

Free HCl, ZnCl,, AlCl, and CaCl, cause the uranous and uranyl 
bands (in general) to shift to the red. Nitric acid on the other hand 
causes a shift towards the violet. 

A change of a uranous or uranyl] salt to another salt is usually accom- 
panied by a very marked change in the positions and intensities of the 
uranyl bands. A good example is the change of uranyl nitrate to uranyl 
chloride in aqueous solution. ‘The d nitrate band is shifted many Ang- 
strém units while the neighboring ¢ band is but very slightly changed. 
This spectroscopic method opens up a new method of studying such 
changes. 

Accidentally it was found that by adding sulphuric acid to nitric acid, 
the absorption spectra of the solution consisted of hundreds of fine lines. 
This spectrum is probably that of nitrous oxide. 

By the study of the uranyl and uranous bands when a solvent is replaced 
by another solvent or when a salt is transformed into another salt very 
interesting relationships between the bands are brought out. A detailed 
study of these relations has teen made. 


THUNDERSTORM ELECTRICITY.? 
By W. W. STRONG, 


N a recent discussion Simpson’ has shown that for three reasons the 
Wilson-Gerdien theory is incapable of explaining the origin of thunder- 
storm electricity. (The most important difficulty is that the rate of ioniza- 
tion of the air is not great enough to account for the rapid production of 
lightning flashes. 

During the past summer it was found that the rate of leak of closed 
electroscopes was increased many times by removing them from the warm 
surface of the ground to a cool cave. This effect took place only when 
the weather was very warm. 


1 Abstract of a paper presented at the Boston meeting of the Physical Society, De- 
cember 28-31, 1909. 
? Phil. Mag., April, 1909. 
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The effect was found for some eight electroscopes, one of which was 
arranged so that the electrode above the sulphur insulation was at a higher 
potential than the gold leaf. This insured that the effect was not due to 
a leak over the insulation. The effect was not due to a penetrating radia- 
tion and can hardly have been due to the formation of an active deposit 
on the walls of the electroscopes. 

If this increased rate of leak was due to an increased ionization in the 
electroscopes, then this change is very similar to that which would take 
place when surface air is rapidly carried into upper regions of the atmos- 
phere during thunderstorms. Such a large increase in ionization would 
remove one of the serious difficulties of the Wilson-Gerdien theory. 

Recent work by Simpson indicates that the breaking of rain drops 
probably causes a considerable part of the separation of positive and 
negative electricity during thunderstorms. But it also seems possible 
that the condensation upon negative ions may also cause some separation 
of electricity. These ions may carry several charges and thus cause a 
greater separation. Simpson only considers negative ions to carry a 
single charge. It would be interesting to know whether the supersatura- 
tion necessary for condensation on negative ions is dependent on the size 
of the charge they carry. 


THE SECOND PosTULATE OF RELATIVITY.' 
By RIcHARD C. TOLMAN. 


HE remarkable conclusions drawn from the theory of relativity are 

caused by the peculiar nature of the second postulate of relativity. 

This postulate may be derived, by combining the hitherto unquestioned 

first postulate of relativity with the principle that the velocity of light is 
independent of its source. 

The alternative hypothesis, that the velocity of light and its source 
are additive, would lead to none of the complications of the theory of 
relativity. It is shown, however, that this new hypothesis as to the 
velocity of light would not lead to exactly the same results for the Dop- 
pler effect as the older and more usual hypothesis as to the velocity of 
light. An experiment is also described which indicated that the velocity 
of light from the approaching and receding limbs of the sun was the 
same. 

Finally, a method is developed for obtaining all the more important 
conclusions of the theory of relativity based merely on the first postulate 
of relativity and the results of Kauffmann-Bucherer experiment without 
making any use of the second postulate of relativity. 


1 Abstract of a paper presented at the Boston meeting of the Physical Society, Decem- 
ber 28-31, 1909. 
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